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NOMENCLATURE

constants used to represent the I' distribution in the downwash
section..

vector from a vortex filament to a point in space.

wing span in downwash section or wake width in boundary layer
section.

wing drag coefficient.

wing |ift coefficient.

wing chord.

wing section drag coefficient.

wing section lift coefficient.

eddy viscosity parameter in boundary layer solution.
total drag.

cylinder diameter in boundary layer section.

profile drag per unit wing span.

function of £ and n which will appear as The'unknown in the
transformed boundary layer equations.

furbulent boundary layer form factor.

cylinder length in boundary layer section or perpendicular distance
from the point of interest to vortex filament in downwash section.

vector having direction of infinitesimal vortex filament.
streamwise index in boundary layer finite difference solution.
wing section Iift curve slope.

normal index in boundary layer finite difference solution.
dynamic pressure.

unknown in finite difference boundary layer recursive relation.

wing thickness.
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NOMENCLATURE (Continued)

U

u

freestream velocity in boundary layer section.

induced freestream velocity component in the downwash section or
velocity component parallel to streamline direction in boundary
layer section.

freestream velocity vector in downwash section.

induced spanwise velocity vector in downwash section or normal
velocity.

total velocity induced at a point by a vortex.

induced total velocity vector in general downwash section or induced
vertical velocity component.

freestream coordinate in downwash section or streamline coordinate
in boundary layer section..

spanwise coordinate in the downwash section or normal coordinate in
boundary layer section.

vertical coordinate in the downwash section.
angle of attack.
strength of the bound vortex at any wing section.

downwash angle in downwash section or eddy ViscosiTy in boundary
layer section.

nondimensional wake width.

nondimensional normal coordinate in boundary layer section or
ncrmal ized loss of wake dynamic pressure.

sweep angle.

nondimensional distance behind wing trailing edge.
density of air.

turbulent shearing stress.

two-dimensional stream function.

subscript denoting freestream conditions.
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INTRODUCTION

The primary function of an aircraft's horizontal tailplane is to balance
the pitching moment which arises when the |ift force developed by the wing is
not applied through the airplane's center of gravity. Control of the airplane
in the vertical plane is accomplished by varying this balancing moment so that
the wing seeks a new equilibrium lift. The size of the horizontal tail thus
determines the allowable c.g. travel as well as the [ift coefficient which can
be generated at any time. One does not gain a higher degree of control capa-
bitity, however, without accepting at the same time a performance decrement
resulting from the higher drag of the larger surface.

Since the advent of the airplane, designers have pondered the problem of
positioning and sizing the horizontal tail to achieve both good aircraft per-
formance and acceptablie longitudinal stability and control. Their problem is
compounded by the passage of the wing through the air ahead of tail. This
produces (1) a downward inclination or downwash in the air approaching the
tail, and, if the tail is directly in the wing wake, (2) a lower velocity at
the tail due to the wing drag force. |f the tail is sized assuming the onset
flow To be freestream but is instead immersed in the wing wake, it will be
unable to generate the expected trim moment. Thus,to maintain contro!l capa-
bility one must either locate the tail such that it never encounters such
momentum deficiencies or else increase its size proportional to the kinetic
energy deficiency actually encountered.. The latter course entails a perfor-
mance penalty. Because of the non-l|inear response of the tailplane to onset
flow angle, it is important to know the local flow direction everywhere in
The tail region as well as those areas where momentum deficiencies exist.

.One would like To predict the wake location and the velocity deficit in the

region of the horizontal tail to facilitate the process of positioning and
slzing.

As part of its program to provide technical support fto the light aircraft
industry and to aeronautical education in general, the National Aeronautics
and Space Administration funded the present study at North Carolina State
University. This work seeks to provide rigorous, easy-to-use methods (which
now means computer programs) to predict the downwash and velocity profiles in
the vicinity of the horizontal tailplane as well as detailed descriptions of
the methods used, their historical antecedents, and some worked out exampies.
The study is thus analogous to previous studies (Ref. 1,2,3,4) which treat
riding and handling qualities, aircraft performance, and wing and body |ift
and drag in a similar fashion.



As will become evident from the literature review, the procedures for
estimating downwash angle and wake position are better-defined than those for
estimating wake velocity profiles. The downwash calculation is usually
approached by replacing the wing with a series of horseshoe vortices repre-
senting both the wing lift and the vorticity shed by the wing. The downwash
is a result of the interaction of the flow due 1o these horseshoe vortices
with the freesfream flow. It is most infense in a curved plane emanating from
The trailing edge of the wing. The locus of this plane is usually obtained by
integrating the local downwash angle from the wing *raifing edge to some down-
stream point of interest. More rigor may be added fo this method by permitting
the frailing vortices to deflect both spanwise and vertically so that their
paths become streamlines. These sfreamlines then define the wake centerline
position. This approach permits both upwash ahead of the wing and downwash
behind fo be calculated with a greater degree of accuracy than does the more
conventional straight vortex method. The downwash computer program presented
in this report employs the deflected vortex approach.

Since the purpose of the present work is 1o provide a rigorous yet rela-
tively simpie method for determining the onset flow in the immediate neighbor-
hood of the horizontal tail, it is not necessary to continue the calculation
beyond this region to the point where the trailing vortices rollup infto the
famil.iar vortical flow patterns observed far downstream of the aircraft. While
The method employed herein can freat the inviscid flow aspects of This region
satisfactorily, other simpler methods are entirely adequate for developing the
essential features of this "far field" problem; further, the method used here
To determine the viscous dissipation present about the wake centerline is valid
only in regions of quasi-planar fiow, certainly not in vortical flow regions.
For this reason also, no attempt should be made to extend the calculation
downstream beyond the region of the horizontal tail.

The perceptive reader will note that no mention is made in the ensuing
pages of the obvious contributions of the fuselage, both viscous and inviscid
to the character of the fiow field downstream of the wing. While the down-
wash method used does include a treatment of the effects of fuselage inter-
ference on the wing lift distribution, it does not include the effect of
diminishing fuselage size as one moves aff on the downwash field nor the
effects of the rapidly growing boundary layer on the aft fuselage. These
were regarded as small perturbations whose determination would be excessively
difficult given presently available analytical tools; for this reason They
are not included. The user must therefore consider this fact in applying the
results to new design situations.

Another contribution which has been neglected in the computation is the
modification in the wing's downwash field due to the upwash field of the
horizontal tail. Since the upwash angles are inherently smaller than the
downwash angles and since the tail 1ift is generally less than 1/5 the wing
lift, this contribution has been neglected.



The method used herein is based on the lifting line representation of
the wing; it is therefore applicable only to situations where the wing is of
moderate-to-high aspect ratio, unswept, and relatively lightly loaded (the
fuselage does not cover a very significant portion of the wing area). Situ-
ations where these conditions are not satisfied will usually demand a much
more complex |ifting surface treatment.

Another consequence of the lifting line representation is that the induced
field in the immediate neighborhood of the wing is distorted by the concentra-
tion of the wing's bound vortices along a single line instead of being distrib-
uted over the whole surface. Thus the downwash and upwash angles in this
region may be excessive while at greater distances they will be indistinguish-
able from those obtained from a lifting surface representation. Since, the
region of interest in light aircraft is located more than 1.5 wing chords
downstream of the wing's trailing edge, a |ifting line representation should
be quite adequate.

The variation in flow velocity as one moves vertically across the wing
plane of symmetry is usually approximated by empirical relations derived from
experimental data given The wing section drag coefficient and the distance
behind the wing trailing edge. A more exact approach solves the two-dimen-
sional boundary layer equations, using a finite difference technique, for the
wake flow and then applies this solution along various streamltines displaced
spanwise as given by Tthe wake position procedure above. The result is a
quasi~three-dimensional solution. The starting conditions for the integration
are the viscous velocity profiles on both upper and lower wing surfaces. This
approach is used here fo defermine the vertical variation in flow magnitude.

The work presented here begins with a two-part review of the pertinent
literature dealing with the determination of (1) downwash angles and wake
sheet location, and (2) velocity profiles in the wing wake. General theory
and discussion of results sections are then presented for both the downwash
(WASH) program and the velocity profile (WAKE) program. User instructions,
program |istings, and sample outputs of both programs are given in the
appendices.
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DOWNWASH AND WAKE POSITION

In order to estimate the [ift and drag forces experienced by an aircraft's
horizontal tail, it is imperative that the magnitude and direction of the local
onset flow be known. The disturbance produced by the wing is the major con-
tributer to non-uniform horizontal tail onset flows. Dwinnell (Ref. 5) points
out that a wing generating a lifting force must have a pressure differential
from the lower to the upper surface with the higher pressure on the lower sur-
face. At the wing tips the air tends to flow laterally from the lower to the
upper surface in an attempt to remove this differential. This lateral or
spanwise flow is from wing tip To wing root on top and from wing root to wing
tip on the bottom (see total velocity vectors in Figure 1). The air immedi-
ately aft of the wing trailing edge is given a swirling motion due to the

1
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Figure 1. Side and planform views of flow over a wing
(bound and trailing vortex patterns not shown
in sketch).

shearing of the transverse velocity components on the upper and lower surfaces.
These swirls or vortices, more predominant at the wing tips, are referred fo
as trailing vortices, and they tend to give the air behind the wing an average
downward inclination, usually called downwash (see Figure 1 for definition of
downwash angle). The spanwise variation of the downwash is a function of the
wing pltanform shape.



The circuiation theory developed in the late 1800's and early 1900's to
account for lift In an inviscid fluid proved to be very useful in estimating
downwash. In 1878 Lord Rayleigh showed that the swerving flight of a "cut"
tennis ball could be explained best in general terms by comparing it to the
case of a cylinder placed in an inviscid uniform stream. By imposing a cir-
culatory flow upon the cylinder, the cylinder developed a force normal! fo the
direction of the uniform stream (a |ift force), directly proportional to the
strength of the circulatory flow. In 1910 Joukowski showed that when a
cylindrical body of arbitrary cross section moves with a veiocity V in a fluid
whose density is p and there is a circulation of magnitude T' around it, a
force normal to the velocity is produced equal fto the product pVI per unit
length of the cylinder. Joukowski made the assumption that the flow must
leave the sharp trailing edge of airfoil-like bodies smoothly. Using this
hypothesis, usually referred to as the Kutta-Joukowski condition because Kutta
reached the same assumption independently somewhat earlier, the problem of
lift became purely mathematical: one has only to determine the amount of
circulation so that for zero vertex angle at the trailing edge, the velocity
of the flow leaving the upper surface is equal to that leaving tThe lower sur-
face. For finite vertex angles the trailing edge must be a stagnation point.

Although the work of Rayleigh and Joukowski was concerned with wings
having infinite aspect ratios (no spanwise flow), the circulatory flow idea
was extended to wings with large aspect ratios and |ittle or no sweep by
Prandtl in his now well-known Lifting-Line Theory. von Karman (Ref. 6)
summarizes Prandtl's theory in the following way: (a) the wing is replaced
by a lifting line perpendicular to the flight direction; (b) the lifting line
is assumed fo consist of a bound vortex with circulation variable in order to
account for the fact that the |ift may change along the span; (c¢) in accor-
dance with the change in circulation along the span, free vortices are born
and extend downstream; however, (d) the flow produced by the vortex system is
considered as a small perturbation of the fundamenta! stream relative to the
wing, and therefore (e) it is assumed that the free vortices approximately
follow the original direction of the streamlines parallel and opposite to
the flight direction; (f) the flow in the immediate neighborhood of a wing
section is determined by the two-dimensional solution given by Kutta and
Joukowski.

In the lifting line theory the wing surface is replaced by a line vortex
of varying strength, called the bound vortex. A sheet of trailing vortices
extends from the lifting |ine downstream to infinity. The perturbation in the
flow field due to an infinitesimal segment of each vortex is found from the
Biot-Savart Law (expressed here following Reference 7 in Vector notation).

Wwe=-—=22x39 (n



where w = induced velocity vector at a point in the flow field
I'_ = strength of the vortex whose segment is being considered
'd2 = vector having the direction and tength of the infinitesimal
- vortex filament
a = the vector from the vortex filament to the point

the local value of T' on the bound vortex is determined from
(2)

where C_  is the section |ift coefficient of the wing
V" is the free stream velocity
¢ is the wing chord

The strength of a particular trailing vortex is determined by the change in
the T of the bound vortex which occurred as one moved outboard from the
spanwise position where the previous trailing vortex was shed. All of the
vorticity on the wing must eventually be shed downstream. The flow direc-
tlon in the field downstream (or upstream fer that matter) of the Iifting

line is then a sum of the contributions of all the trailing vortices, the
bound vortex, and the free stream. The perturbation in the free stream
velocity field resulting from these contributions is most intense in a sheet
which for positive lift moves downward and to the rear from the lifting line.
In the physical situation which this model represents this sheet is essentially
the center of the wing wake. From equation (2) it is evident that the greater
the wing lift the greater the vortex strength; thus it is reasonable to expect
that the greater the wing lift the greater will be the downward deflection of
the wake centerline as i+ moves aft.

Attention will now be directed to ways of evaluating the I distribution
over the wing since it is essential for downwash calculations. Reference 8
notes that the main problem of |ifting line ftheory is the determination of the
spanwise distribution of air loads on wings from the fundamental equation of
the theory. |Its simpliest form relates the absolute and effective angles of
attack,

o =0 - a. (3)

where o absolute angle of attack

Q
1]

effective angle of attack

Q
]

induced angle of attack.



The effective angle of attack may be expressed In terms of T by writing the
section lift equation as

- 2 -
pVI = pV° ¢ m ao/2 or a =

density of air
section lift curve slope.

where p =
m =
o}
Now the induced angle of attack may be written as - Tan_1(!0 & - w/V and since
w can be expressed in terms of T', then the only unknown in the fundamental

equation is I'n Using the Biot~Savart Law the downwash velocity wy y at the

point Yo ©on the bound vortex, induced by a vortex behind the wing 8t the point
y may bé written as

- a1 (4)
YoY ATy -y

W

Replacing dI' by (dIr/dy)dy and noting that the downwash at Yo resulting from
all the tfrailing vortices may be obtained by integrating wy v from -~ b/2 to

b/2 (b is the wing span), then o
b/2
’ =+1_J ar/dy_ o (5)
Yo am Yo © Y
~b/2

The fundamental equation can now be written in the form

b/2
(@) = 2L, L dar/dy_ g, (6)
a'y m_ Vc'y 4V y =~y
] o] o] _b/2 o]

where the subscript refers to the variable evaluated at the point yo.

Probably the best known procedure for solving the fundamental equation is
given by Glauert in Reference 9. The first step is to invoke the following
substitutions:

y = b/2 cos © (7N

10



and

=Vb ] A sinne. (8)
n=1

The sine series rather than the cosine series is chosen for I' because the
boundary conditions of T = 0 at both wing tips (6 = 0 and 6 = 7) are auto-

matically satisfied for all values of An. The constants-A  are found by
determining the values necessary to force the flow over the wing to be tangent
to the mean camber surface. |+ can then be shown that the fundamental equation

can be written as

o]
z LA sin nélun + sin 8)] = aa sin 8 (9)

Nl!:

where p = moc/(4b).

The above equation is valid for any spanwise station (6 between 0 and w), and
in general u and @, will be functions of 8. The problem has been reduced to
one of determining the values of the coefficients A which will satisfy the
above equation at every desired value of 6 along +h& span of the wing in
question. [f a 5 term series is desired for T +then equaTion (9) must be
applied at 5 spanwise stations yielding 5 equations in the 5 unknown A 's.
-Once the A 's have been obtained then Equation 8 will yield T for diffBrent
spanwise positions.

As an alternative to solving Eguation 9 at several spanwise stations,
the computer programs given in Reference 4 are quite useful. Programs are
presented to (1) calculate the lift, drag, and moment coefficients of conven-
tional airfoils (fwo-dimensional) and (2) given the wing planform shape and
airfoil characteristics for the root and tip sections, extend these two-
dimensional characteristics to three dimensions. By using a lifting line
theory, the +three-dimensional extension yields local |ift, -drag, and moment
coefficient Information at several spanwise stations along the wing span.

The section [ift coefficients may be used directly in Equation 2 to compute
the strength of the bound vortex.

With the foregoing as background, attention will now turn fto literature
specifically freating the calculation of downwash. Two 1939 NACA Reports have
become classics in the field: NACA TR-648 (Ref. 10) and NACA TR-651 (Ref. 7).
The latter presents methods for predicting important wake parameters in ferms
of the distance behind the airfoil trailing edge and the profile drag coeffi-
cient for plain and flapped wings. The methods were based on a correlation of
extensive experimental measurements of downwash angles and wake characteristics.
Downwash was computed in the wing chord plane using the Biot-Savart equation

1



operating on a vortex system made up of a bound vortex at the wing quarter-
chord and a planar vortex sheet extending straight behind the quarter-chord
line to infinity. It is pointed out that the wing wake coincides with the
trailing vortex sheet because of their common origin at the trailing edge and
their equal freedom to move in the induced velocity field behind the wing.
The vertical displacement of the vortex sheet can therefore be approximated
by integrating the downwash angle in the streamwise direction from the trail-
ing edge to some specified distance downstream. Silverstein, Katzoff, and
Bullivant used the idea of superposition to obtain maps of constant downwash
angles behind the wing. First, using a planar vortex system, downwash angles
were calculated at several points in the plane of symmetry to yield a contour
map similar to that of Figure 2. This map was then distorted in the vertical
piane fo account for the vertical displacement of the vortex sheet. The
distorted contour map is also shown in Figure 2. Using this procedure, which
neglects spanwise curvature of the wake sheet as well as vortex roll-up effects,
agreement with experimental data is good at distances typical of to the *tail
plane locations.

In NACA TR-648 (Ref. 10) Silverstein and Katzoff prepared downwash charts
to make the methods presented in TR-651 more readily useable in design
activities. Included in the report are curves of the |ift and drag of flapped
airfoil sections and charts for finding the contribution of the different
types of flaps to the total wing lift. The downwash charts are for elliptical
wings and wings of faper ratios 0.1, 0.2, 0.3, and 0.5, with aspect ratios of
6, 9 and 12, having flaps covering 0, 40, 70 and 100 percent of the wing span.
These charts may be used without a prior knowiedge of the material in TR-651.
Although written some 35 years ago, these reports are still the basis of
current downwash predictions for light aircraft.

The interest in high speed flight led to some new downwash investigations
in the late 40's and early 50's. [In Reference 11 a study was made in the
Langley 7~ by 10-foot wind tunnel to determine downwash angles behind wings of
various sweep angles and aspect ratios. Although the emphasis was on sweep
effects, downwash characteristics were alsc measured for some unswept wings.
The results are dispiayed graphically as curves of constant downwash angles.
In 1954 an experimental investigation was conducted by Tolhurst (Ref. 12) to
define the downwash field and vortex sheet shape behind a large-scale wing-
fuselage combination incorporating a 63° swept-back wing of aspect ratio 3.5.
Data is presented for 9 vertical-transverse planes behind the wing for 3
angles of attack at a Reynolds number of 6.1 million. A comparison of these
experimental results with theory showed that an acceptable approximation to
the downwash distribution within +he distance surveyed could be obtained if
the vortex sheet were assumed to be flat and the spanwise vorticity distri-
bution were assumed to be that of the wing. Rogers (Ref. 13) studied the
application of two-dimensional vortex theory to the prediction of flow fields
behind wings of wing-body combinations at subsonic and supersonic speeds. The
wing trailing vortex was represented initially by line vortices distributed to
approximate the spanwise distribution of circulation along the trailing edge
of the exposed wing panels; however, a bound wing vortex was not included.

12
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The afterbody was represented by corresponding image vortices within the body.
Two-dimensional |ine-vortex theory was then used to compute the induced
velocities at each vortex, and the resulting displacement of each vortex was
calculated by means of a numerical stepwise integration procedure. The dis-
placement of each vortex independently permits inclusion of both the roll-up
phenomenon and the spanwise wake-sheet curvature. Rogers found that this
method predicted vortex paths at high speeds with reasonable facility and
accuracy.

In 1970 Butter and Hancock presented a method (Ref. 14) for calculating
the shape of the trailing vortex system behind a swept wing at low speed.
The authors were concerned about the ftwo-dimensional approaches which omit the
main wing bound vortex; they believed that when C, is large the wing circula-
tion effects are significant. A method was There#ore proposed which would
include the effect of the main wing bound vorticity and the three-dimensional
pattern of ftrailing vorticity. The wing is replaced by a single lifting=~line
bound vortex which represents the circulation distribution around the wing
while the trailing sheet is approximated by a number of discrete line vortices.
Starting with a nearly planar system (i.e., bound vorticity on the wing and
trailing vorticity streamwise as in Figure 3) and using a step-by-step process,
working downstream aft of the wing trailing edge, the vertical and spanwise
displacements of the trailing sheet are determined. To calculate the position
of the ith vortex at station 1, 8x behind the 3/4-chord line (station 0), the
sidewash and downwash velocities, (v. and w.) due fo all the other vortices
are calculated at 8§x/2. The change in vertical and spanwise position (8z and
8y) for the ith vortex from station O 1o station 1 is then given by

Sy = viax/V and §z = win/V (10

This procedure is used to obtain the new position of each vortex at station 1.
Downstream of station 1 each vortex extends to infinity using the y and z
coordinates at station 1. Once the locations are established at station 1,
the remainder of the stations downstream may be analyzed in a similar manner.
Butter and Hancock found that the principal! factors governing the accuracy of
the results are the downstream step-size and the number and position of the
vortices chosen to represent the trailing vortex sheet. They note that if too
many trailing vortices are taken numerical difficulties may arise; induced
velocities calculated at a point between two such vortices will be given by
the difference of two large velocities of opposite sign. When compared with
experimental results, the downwash angles were found to be ftoo large near the
trailing edge due to the concentrated nature of the bound vortex; however,
further downstream agreement was good.

In Reference 15 Labrujere presents a method for calculating the vortex

location behind a thick lifting wing. The flow around a wing in uniform onset
flow is determined with the aid of a source distribution on the surface of the
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wing and a vortex distribution on its camber surface and wake. The wing and
camber surface are divided into a number of strips whose edges are formed by
lines y = constant and which are each subdivided in a number of quadrilateral
panels. Along the periphery of each camber panel a line vortex is located
(see Figure 4). The strengths of these "singularities" are determined by
imposing the boundary condition of tangential flow fto the wing surface at a
number of surface points and the condition of tangential flow to the trailing
vortex sheet at a number of "Kutta points" noted in Figure 4. Since the
position of the vortex sheet and the strength of the singularities are related
"non-1linearly", an iterative procedure is required in order to determine the
shape of the sheet as well as the singularity distributions for a given wing
and at a given anglie of attack. Although only a limited comparison with
experimental results was made using fthis method, the agreement was good.

i+h +hat ~AFf +he v rafar
[ O

Comparing labrujere's technigue with he previous reference,
there are three reasons why the Butter and Hancock method is preferred as the

basis for further work: (1) Labrujere combines the probiems of the flow over
the wing and the flow in the wake, solving them simultaneously; for a large
number of panels both on the wing and in the wake this requires both more
computer storage and a longer execution time than is required for the two
problems independentiy (necessary in the Butter and Hancock approach). (2)

The iterative nature of Labrujere's method may necessitate several executions
unless the initial estimate of the wake shape is accurate. (3) Although Butter
and Hancock's method may be used iteratively to improve accuracy, they found
that for step sizes of a quarter semispan and smaller, subsequent iteration

did not significantly affect the position of the trailing vortices.

In the last few years the interest in frailing vortex sheets has turned
to the far field problem. At large distances behind the wing, vortex roll-up
has occurred, and the hazard of one aircraft flying into the vortex core of
another aircraft has spurred interest in fTrying to analytically predict the
shape and velocities of a roltled vortex pair as well as the dissipation of
This vortex pair with time. References 16, 17, and 18 cover fthe topic very
well and discuss the pertinent work which has been done to the present time.
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WAKE VELOCITY PROFILE"

While an inviscid theory is acceptable for predicting the location and
inclination of the wing wake, the estimation of actual velocities requires a
viscous analysis. The velocity deficit behind a wing is a function of the
wing drag, a viscous phenomenon caused by the shear forces which the wing
introduces in the fluid. The only really correct way to attack the probliem
is to solve the full, time-dependent Navier-Stokes equations of motion in
three-dimensions over a substantial region. With present computers and com-
putational techniques, computers will have to grow in storage size and speed
by one or two orders of magnitude in order to obtain an accurate solution to
the problem In the space of a few hours.

Boundary layer theory, which has been a valuable tool in solving for the
viscous flow over airfoils and even bodies at zerc or small angles of attack
(Refs. 19 and 4), has also been applied to the flow in jets and wakes.

Boundary layer theory consists of simplifying the Navier-Stokes equations so
that they are applicable in the viscous flow near the surface of a body or in
a wake. For the flow over a body the region where viscous effects are dominant
is usually very thin compared fo the body size. The equations are simplified
by estimating the order of magnitude of each term and neglecting those which
are small compared with the other terms. As might be expected, these simplified

equations are much easier to solve, yet they retain the correct physical
description of the flow in most cases. The conventional way of approaching
the wake problem is to assume that the flow downstream of the +trailing edge
can be described by the boundary layer equations which are then solved by a
momentum integral or finite~difference method. The remainder of this section
will review some of the pertinent literature on the determination of wake

velocity profiles.

Two~-dimensional wakes were probably first investigated by H. Schlichting
in his thesis presented to Goettingen University in 1930. In his general text,
Boundary Layer Theory (Ref. 20), he notes that a wake is formed behind a solid
body which is being dragged through a fluid at rest or behind a solid body which
has been placed in a stream of fluid. The velocities in a wake are smaller
than those in the main stream and the velocity losses in the wake amount 1o a
momentum loss in the fluid due the body drag. The spread of the wake increases
as the distance from the body is increased, and the differences between the
velocity in the wake and that outside become smaller. A wake is a free turbu-
lent flow (not confined by solid walls) and therefore of boundary layer nature.
This means that (1) the region of space in which a solution is being sought
does not extend far in the transverse direction, as compared with the main
flow direction, and (2) the transverse gradients are large. The problem can
therefore be studied using the two-dimensional, steady, boundary layer
equations given below:

_1ar ) .
3y - p By (x-momentum equation) (1

C
I
+
<
|
i
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-t =0 {(continuity equation) _ (12)

where x and u are the coordinate and velocity along the wake centerline, y and
v are the coordinate and velocity normal to the wake centerline, p is tThe
density of the fluid, and T Is tThe furbulent shearing stress (see Figure 5).

velocity profiles

airfoil
—— MU
[:oke

centerline

»

"Figure 5. Sample velocity profiles in an airfoil wake.

The pressure gradient term has been dropped from the x-momentum equation because,
from a certain distance behind the body on downstream, the pressure remains
essentially constant in fthe y-direction. This assumption is not necessarily

true near the airfoil frailing edge. To integrate Equations 11 the turbulent
shearing stress must be expressed in fterms of the main flow parameters. One

of the simpliest and most widely used wake flow modeis for 1 is that given by
Prandtl in Equation 13.

- au _ - v
T = pe 3y - p(:b(Uma>< umin) By (13)

where b denotes the width of the wake, ¢ is an empirical constant, and € is
the virtual kinematic viscosity or eddy viscosity, assumed constant over the
whole wake width. Schlichting points out that experience has shown that for
two-dimensional furbulent wakes, the wake width increases as v¥x while the
centerline velocity decreases as 1/VX.

As noted in Reference 20 Goertler and Reichardt investigated the two-

dimensional wake behind a circular cylinder. Goertler found that if he
assumed:
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(1) u U -~ u which at large distances from the body is smafl compared

11'0 U, the freestream veIOC|+y,
(2) the drag on the cylinder is obtained by applying The momentum theorem
© far downsTream so ThaT
y=tee
D =hp J. UI(U - u1)dy . (14)

where D is the drag on the cylinder of height or length h,
(3) that the second term of Equation 11 is small compared to the first,

then, by integrating the simplified version of Equation 11

1/2
Y1 Y% 22 (en?/a) (15)
U awm %o CDd
where: CD = cylinder drag coefficient
e, = constant eddy viscosity
d = cylinder diameter
x = distance downstream behind the cytinder
_ . X . . _ U
n = nondimensionalized y-coordinate = y = x "
o

Upon comparison with experimental measurements made by Schlichting, Goertler
evaluated the constant in Equation 13 with the relation

€y = (O.O47)(2b]/2 U )
. max
where: b1/2 = half the wake width halfway between u and U at some
X=-station max min
U = the maximum value of U in the wake at that x-station.
max

Using similar assumptions and a slightly different eddy viscosity model,
Reichardt arrived at the following expression for Uy

-1/2 2
1_ /10, x { _ 3/2}
T Tl 1 - (y/b) : (16)
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Schtichting (Ref. 20) notes that the two solutions for the wake velocity
actualiy do not differ much one from the other.

While the above work was concerned with the wake of a circular cylinder,
in 1939 Silverstein, Katzoff, and Bullivant (Ref. 7) generalized the available
experimental results so that velocity profile and wake width information
behind airfoils could be predicted in terms of the downstream distance and the
profile drag coefficient. The profile drag of an airfoil may be approximately
equated to the loss of momentum in the wake by the relation:

do =p J. u(U - u)dy an

where do is the drag per unit span. At distances behind the wing comparable
with tail-plane location, where the static pressure in the wake has reached
that of freestream, experimental investigations have shown that Equation 17
may be approximated in coefficient form by the more elementary expression:

b/2
=1 -4
cdo =2 J- (1 qo)dy (18
-b/2
where, Cq ~ section profile drag coefficient
q/qg = ratio of dynamic pressure in the wake to that in the free-
stream

b = wake width
¢ = wing chord.

The wake may be completely described by the width b, the loss of dynamic
pressure at the wake center Aq, and the shape of the wake profile. As an
aid in generalizing the results, the folliowing nondimensional ratios were
adopted:

|
° 15

= (1 ~ q/qo)

_ 1 wake width, _ b _
: 2 "wing chord 2c

- distance behind trailing edge of wing _ %
wing chord

(9]
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Using Prandti's proportional ity relations

c 1/2
1/2 4
T nNvE 4 and nNv =7 (19}
o) E '
the available experimental data was used to find the proportionality constants
which should be used in Equations 19. It was found that:
¢ =0.68 c,'/? (g + 0.1 /2 (20)
o
1/2
2.42 cdo
ST (2
fit the d7+a very well. The equation for n was found to vary with 1/£ rather
than 1/£1/2 as mentioned previously. The authors point out that discrepancy

is probably associated with the high values of n near the trailing edge of the
experimental data used for correlation; in Prandti's formulation n was assumed
small. For a complete wake description, the shape of the profile must also be

defined. The profile shape was found to be closely approximated by either of

the following empirical relations:

n' L 1.75 2
—=[1 - (= 22
-] (22)
or
Nl g2 mEl
= cos (ZC ) (23)
where n' = relative loss in dynamic pressure
t' = distance from wake centerline (z' < g).
The profiles given above are assumed symmetric about ' = 0 and for £ values

in the vicinity of the tail plane this is not a bad approximation even for
unsymmetric airfoils.

In TR-648 (Ref. 10) Silverstein and Katzoff made the methods presented in
TR-651 easily adaptable to design by preparing charts for determining the
velocity profile at the horizontal tail. Over the years both TR's have been
very valuable in predicting tail plane velocity profiles for light aircraft.
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In 1947 an investigation of free turbulent mixing was presented by
Liepmann and Laufer in Reference 21. The investigation examined the various
ways turbulence had been modeled up to that time and discussed the physical
significance of the models using experimental measurements of the mean
velocity, the intensity and scale of turbulent fluctuations, and the fur-
bulent shear in a two-dimensional mixing zone. The authors decided that the
assumptions of constant mixing length and constant exchange coefficients (as
in Equation 13) across the wake width were, strictly speaking, incorrect.
Measurements of the field fluctuating velocities in a turbulent mixing zone
show that both the mixing length and exchange coefficient vary across the
mixing region, contrary to The assumptions made by Prandtl and others. They
concluded that if only the mean-velocity distribution of a turbulent flow
problem is desired, it usually can be obtained by dimensional considerations,
assuming a reasonable curve (e.g., an error function in the case of a mixing
region), and determining one constant from experiment. (This agrees with the
methods already presented from References 20 and 7). Also, for an understand-
ing of turbulent flow in general, a study of various mean-velocity distribu-
Tions is of little use; the field of turbulent fluctuations must be studied
in detail probably requiring a knowledge of the diffusion of turbulent energy.
The constant exchange coefficient as presented in Equation 13 can therefore
be used in a turbulence mode!l with good success if only mean velocity profiles
are desired; but for any deeper understanding of turbulence, the micro-
structure must be investigated more fully.

The subject of eddy viscosity models is ftreated to some extent in
References 22 and 23. Elassar and Pardolfini, using a multilevel linear
difference scheme examined four eddy viscosity models and evaluated the con-
‘stants in these models by comparing calculated velocity profiles with experi-
mental data in the similarity region. The thrust of the report is directed
toward high-speed compressible flow, and all the models are more complex than
Equation 13. In Reference 23 similarity solutions of the boundary layer
equations in wakes with tailored pressure gradients were obtained. Experi-
mental data was used to obtain a value for the constant eddy viscosity and the
agreement between theory and experiment is described as good. While both of
these reports are valuable in a genera! nature, it would be desirable to have
viscosity constants evaluated using data obtained in the wake behind an air-
foil. References 24 and 25 indicate that boundary layer solution procedures
are being applied to high-speed turbulent mixing layers using more elaborate
viscosity models than that given in Equation 13. These same techniques should
be readily adaptable to fow speed turbulent mixing and could be very useful
if computer storage requirements and execution times are not excessive.

in order to improve upon the turbulent wake prediction methods, more exper-
imental data are necessary for wake profiles at several stations behind an
airfoil rather than at the tail-plane location only. References 26 and 27 are
very helpful in this respect in that they present two-dimensional velocity
profiles in the wakes of symmetrical Joukowski and Piercy airfoils respectively.
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An 11.8 percent thick Joukowski airfoil was tested at angles of attack of O
and 6 degrees for a Reynolds number of 0.42 million. Velocity_ profiles were
measured at stations of 0.0005, 0.0025, 0.0l, 0.25, and 0.5 chord lengths
behind the airfoil trailing edge. A similar investigation on the 12 percent
thick Piercy airfoil, with wires on the leading edge to force transition,
yielded velocity profiles at 0.0005, 0.0025, 0.01, 0.25, and 0.4 chord lengths.
in addition to the profiles, the drag coefficient and other boundary layer
information was also measured.

A recent report by Goradia and Lilley (Ref. 28) also present some experi-
mental data for profile measurements behind a modified NACA 0015 airfoil at
several angles of attack. The report describes a procedure developed by the
authors to improve two-dimensional drag predictions for single and multi-
element airfoils by describing the airfoil wake using regions of similarity.
Although correlations are given for only two or three airfoils and the computer
program is not provided, the procedure seems to have improved the drag predic-
tions given in CR-1843 (Ref. 29). Experimental data, taken in connection with
this work is presented in both tabular and graphical form; however, the
tabular data, particularly at stations near the airfoil trailing edge,
indicate profiles which fail to return to freestream velocity at the upper and
lower edge. '

While the data given in the three references cited above are valuable,
they were taken in the wake of symmetrical airfoils. More data is obviously
needed, particularily for unsymmetric airfoils, but the lack of data is due
in part to the high cost of wind tunnel testing and the difficulty of measur-
ing wake velocities accurately.

A review of the literature revealed several papers concerning the effect
of flow curvature on the formulation and solution of the two-dimensional
boundary layer equations. Murphy (Ref. 30) formulated the boundary layer
equations with curvature and indicated that even for laminar flow these
equations are at their simplest more complex than the no-curvature case.
Williams (Ref. 31) obtained a solution for a free jet flowing off a step only
by assuming a curvature function which made the boundary layer equations
similar (the streamwise coordinate did not appear explicitiy). One encounters
similar increases in solution complexity when treating three-dimensional
boundary layers. Although the problem can be formulated, the computer storage
requirements and execution times required with present machines and methods
are excessive. Add to this the compliexity of curvature and it is understand-
able why attention is still directed toward solving the simplified problem.
Solution to such a problem, hopefully, preserved the qualitative aspects of
the physical situation even though it cannot duplicate it quantitatively in
all respects.
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PROGRAM FOR DOWNWASH AND

WAKE POSITION CALCULATIONS
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GENERAL THEORY

For many years the vertical displacement of the wake centerline location
and downwash behind wings has been calculated using a bound vortex and a
finite number of trailing vortices. The spanwise curvature of the trailing
vortices and their roll-up may be included in the calculation by allowing the
vortices themselves to be deflected in both the vertical and spanwise direc-
tions (Ref. 13 and 14). Analyses have also been conducted by representing the
wing and vortex sheet as a single vortex lattice and using an iterative
solution procedure with boundary conditions of no flow normal! to the vortex
panels to determine the wake location (Ref. 15). Because of the paneled wake
procedure (lattice) achieves only a slight improvement in wake location at a
large increase in computer cost , the WASH program presented here uses a
method similar to those given in References 13 and 14. For simplification
the x, y, and z coordinates are non-dimensionalized by the wing semispan, and
a unity freestream velocity Is assumed since only ratios of-induced velocities
to freestream velocity are required to estimate the downwash and sidewash
angles.

The first step in computing the downwash characteristics and wake
position is that of representing the wing by a bound vortex at the wing
quarter-chord and by a trailing vortex system running aft from the quarter-
chord line. The symmetric half-wing is placed in the coordinate system shown
in Figure 6. The root chordline is in the xz-plane at y = 0, with the origin
at the trailing of the wing root. The root chordline has an incidence, o,
with the negative x-axis.

Figure 6. Definition of coordinate system and wing placement used in
WASH program. _ . .
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The analysis will be Ilimited to unswept wings; therefore, the x and z
coordinates of the wing quarter-chord are given by

_ 3C COs o _ 3¢ sin a
X =TT 26 and T
where (xb,yb,zb) = the coordinates of the bound vortex normalized by the
semispan
b = wing span
c = wing root chord
a = wing angle of attack.

The strength of the bound vortex is calculated using Equation 2 once the
section |ift coefficient distribution is known. Although the WASH program

was designed to use the output of the three dimensional aerodynamic charac-
teristics program given in Reference 4, any procedure may be used to calculate
the section |ift coefficients., The [ift coefficients at 10 different
normalized spanwise stations must be read into the WASH program._ The speci-
fication for both is ordered from positive wing Tip to wing root” (see Figure
7).

wing wing

root x denotes specified spanwise stations tip
it - —n % o §
10 9 8 7 6 5 4 3 2 |

Figure 7. Ordering scheme for spanwise station and section [ift
specification.

Recal |l of course that the wing and its flow field is being represented by a
system of horseshoe vortices. The initial streamwise position of the various
trailing vortices is defined by assuming the vortices are shed at stations
midway between the 10 specified y values on each semi-span, i.e., on each half
of the lifting line. In carrying out the computations, advantage can be taken
of the assumed symmeiry in the loading and the geometry. In this fashion, the
section |ift coefficients as well as the input y stations and the positions of
The shed vortices for the negative y axis can be defined. A schematic of the

* The root value for y cannot be zero; it may be a very small number, but
because of the technique used for estimating the bound vortex contribution,
the value must be non-zero.
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20 stations at which the section 1ift coefficients are specified and the 18
shed vortex stations for the entire wing is given in Figure 8.

x denotes specified spanwise stations for complete wing

| denotes shed vortex stations for complete wing

wing wing wing

tip : root tip

l 12 3 ... . ... 6 7 IB‘

| 2 3 18 19 20
Figure 8.

Reordered specified spanwise stations and shed vortex
stations for complete wing.

Once the bound vortex strength is calculated using Equation 1 at the specified
y stations, the strength of the shed vortices is computed by the change in T

from one station to the next. Thus, for the right half of the wing the trail-
ing vortex system is similar to that given in Figure 9.

bound vortex

-e— wing root wing tip —
Iran Ii2) ras) I'(14) I(i15)
—% ¥ X%

- E I(y) .
) typical

Ily) function
ChHio  PHu d312 <hHs ‘

L1 ]
0 .25 50 75 100 7

strength= (1) - I'(i2)

Figure 9. Example of indexing procedure used for the trailing vortex system

on the right half of the wing with a typical TI'(y) distribution.
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Each initial trailing vortex is made up of two straight line segments, one
from the bound vortex to the trailing edge and another from the trailing edge
to infinity in the x-direction parallel to the freestream (see Figure 10}.

z

AT

\\\\\\_,

Figure 10. Example of initial approximation of frailing vortex system.

-~

The net velocity induced by the vortex system at a point in the vicinity
of the wing is computed by summing the contributions from the bound vortex and
every straight line segment of each trailing vortex. The velocity induced at
a point due to a vortex is defined by the Biot Savart law (Equation 2). An
alternate form of this equation for straight line filaments is given in
Reference 5 as

I sin & d&
dw = — > (24)
r
where dW = total velocity induced at a particular point by a filament d&
I' = strength of the vortex filament
r = distance to increment of filament at the point the velocity is
induced
8 = angle between the length r and the filament.
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The contribution of the bound vortex is calculated by integrating Equation 24
from the negative wing Tip to the positive +ip. Expressing sin 6 and r in
terms of the x, y, and z coordinates, and noting that d& becomes dy, the
induced velocity at a point (x, y, z) due to the bound vortex is written as

- | ]
Ty ) b/2N(x = x 12 + (z - 2% dy
_ o b b o
W, = 7 ; 7 39372 (23)
2 anf(x - x )5+ y =y )T+ (z - z) ]

where all coordinates are non-dimensionalized by the semispan. Equation 25

£ £ HPEN | '/hf\.lr\l-

P e o~ d frm o u
o a 1uJiiciiuligl rurn 1o NIIVUwW

may be solved numerically, or i
be integrated in closed form. In order to use the closed form technique,
two successive specified values of T'(y) for the bound vortex were fitted using

the cubic spline given in Reference 33 matching first and second derivatives

at the end points. The cubic spline fit is of the form

far Dl ) P4+ may
PO 1 vyq/, 11 iNgy

_ 3 2
Fly) = A1jy + A2jy + ABjy + A4J (26)

where yj'f y < yJ.+1 s J = 1,2,...,19.

Note tThat for each of the 19 intervals the cubic coefficients depend on the
inferval (yj, y;uq) in which the spanwise station lies, but they are constant
in a given interval. It is this variation of the coefficients that gives the
spline fit its remarkable curve fitting properties. Using the cubic represen-
tation Equation 25 is integrated (Ref. 34) in each of the 19 intervals yield-
ing the totfal velocity induced by the bound vortex at the point (x, y, z).
This total velocity is divided into a freestream component, u, and a vertical
or downwash component, w, by the relation giyen below:

[
1}

2 2
Wb(x - xb)/J(x - xb) + (z - zb)
(27)

W (z - zb)/‘l(x - x )%+ (z - z,)”

z
1l

w and W are defined as positive in the negative z direction, and u is positive
in the positive x direction. Since the bound vortex is always parallel to the
y-axis, there is no sidewash component in W _. The streamwise component Yy is
usually very small compared with the freestream velocity.
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The velocity induced by a frailing vortex is calculated by summing the
effect of each straight line segment of the vortex. The total velocity
induced at a point by a straight line vortex segment is also calculated using
Equation 24; the evaluation is however, much simplier than +he bound con-
Tribution because T along all segments of a trailing vortex is constant.
Thus, expressing de and r in terms of 8, one has

0
_r sin 6
Wt = 4ﬂ_jB h de (28)
®A
where Wt = is the total velocity induced at a point (X, y, z) by a
vortex of |length AB,
6, and 6, = angles between the length r and the filament at points

A B A and B respectively, and h is the perpendicular distance
from the point (see Figure 11).

Nomenclature diagram for velocity induced by a straight-line

Figure 11.
vortex filament (Ref. 5).

Carrying out the integration indicated in Equation 28 yields

- I -
Wt = Zah (cos eA cos eB) . (29)
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This total induced velocity must also be divided into its component parts:
freestream, sidewash, and downwash velocities. As seen in Figure 12, the
total induced velocity at PO due to a line vorfex from P1 o F’2 of strength T
may be rewritten as

T'(cos 61 + cos 62)

.t 4w b/2 dO

n (30)
1 sin e1

R (%01 Y91 %)

Figure 12. Schematic for velocity induced at P, due to a vortex from

0
P1 To P2.

The components are derived using the following relations to obtain the
direction cosines:

= 2 2 2
dsy —‘/(x2 - xl) + (y2 - y]) + (z2 - z,)

- 2 2 2
d01 —J(xo - >g1) + (_yO - y1_) + (zO 21)

2

- 2 2 .
doo -‘/ (xg = %)° + (yg = y)° + (zg = 2 | (31)
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2 2 2
+ i dy, )/(2d,.d.,)]

_ ~1
B, = COS. E(d2] do

21701

z2, 2

2
d02 - d01 )/(2d

_ -1
8, = cos [(d21 21doz)]

Xy = X, + dO1 cos e1 (x2 - xl)/d21

yg3 = ¥y t d01 cos 61 (y2 - y1)/d21 .éggi

75 =24 + d01 cos 61 (z2 - 21)/d21

A= (y2 - y1)(z3 - 21) - (y3 - y1)(z2 - 21)

B =~ [(x2 - x])(z3 -z - (x5 = x;)(z, = 21)]

C = [(x2 = X0y = ¥y = Xy = x )y, - y1)] .

The components can ‘therefore be written as

ug = wt A/VR
v = W B/VR (32)
W = W c/vR

where R = A2 + 82 + C2 .

In summary, the induced velocity components at a point are calculated
due to (1) the bound vortex using Equations 25 and 27 and (2) a straight
iine segment of a trailing vortex using Equations 30 and 32. The velocity
due to the entire vortex system is computed by summing the contributions from
the bound vortex and each segment of the 18 traiiing vortices.

The spanwise curvature in the trailing vortex system is modeled by repre-
senting each vortex by a number of straight-line segments which are free to
follow the local direction of the flow. The position of these vortex segments
is determined using a stepwise downstream marching procedure which will now
be discussed. '
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As previousiy mentioned, the first approximation of the vortex sheet
consists of the 18 trailing vortices with 2 segments each, one segment from
the bound vortex to the y-axis and another from the y-axis to x = « parallel
to the x-axis. Since the actual vortex system behind a wing is displaced in
both the y and z directions, the following procedure is used to compute the
position of each trailing vortex at a length Ax behind the trailing edge.
Noting Figure 13 and considering vortex #10 at station #2, the v and w.
induced velocity components due to all the other vortices are calcuiated
hal fway between stations #2 and #3 (x = Ax/2) using the y and z coordinates
at station #2. The changes in spanwise and vertical position of vortex #10
in moving from station #2 to #3 is approximated by Equations 10 as

Ay = vAx

Az = wAx .

\ station |

- station 2

\A:\\ NN
A e
NN\

O ®

vortices

Figure 13. Schemaflc of downstream stepwise technique used in WASH
program. ‘
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The position of the vortex at station #2 was (0, y(vortex #10), 0) and the
position at #3 becomes (Ax, y(vortex #10) + Ay, Az). A similar procedure is
used to calculate the position of the other 17 trailing vortices at station
#3. Downstream of station #3 the trailing vortices are assumed to go to
infinity in the streamwise direction. After the position is determined at
station #3 the procedure is reapplied at stations #4, #5, etc. until the
vortex sheet is fraced as far downstream as desired. The WASH program prints
the coordinates of each vortex as well as the total vortex length from the
trailing edge at each downstream station. The procedure discussed above is
equivalent to that used in Reference 14 where it was found that for stepsizes
as large as .25 semispans an accurate wake location was predicted. Butter
and Hancock did note that numerical difficulties were sometimes encountered
when more than 5 spanwise stations for the half-wing were used; however, the
WASH program using double precision arithmetic utilizes 9 spanwise stations
without numerical difficulty as long as the specified y stations are approx-
imately evenly spaced. An example of a wake sheet calculated using the above
procedure is given in Figure 14. The two views of this wake sheet were
plotted using the PLOT program of Reference 4. The WASH program will punch a
data set which may be read directly into the PLOT program; the data set
requires only the addition of view cards at the rear defining the type of view
desired.

Once the location of the trailing vortex sheet is determined then both
downwash and upwash angle may be computed behind and ahead of the wing
respectively using the bound vortex and the new vortex sheet. The WASH
program is designed to calculate, at the user's option, three basic sets of
information:

(1) downwash and sidewash angles in a plane behind the wing at a con-
stant x-station (a negative value for the x-station yields upwash
angles ahead of the wing) indicating the variation with y and z,

(2) downwash angles in the y = 0 plane of symmetry for 1.75 semispans
downstream with z varying from .5 semispans above and below a user
specified z-station,

(3) upwash angles in the y = 0 plane of symmetry for 0.5 semispans
upstream with z varying from .25 semispans above and below the
leading edge z coordinate.

For each option presented above, a grid of coordinates, at which the
downwash information is calculated, must be established. The first option
was originally designed to compute the downwash in any x = constant plane at
all the grid points determined by y varying from 0 to 1.1 semispans in steps
of .05 semispans with z ranging from .25 semispans above and below a specified
z station in steps of .05 semispans. This required calculating downwash and
sidewash angles at 253 points. Numerical difficulties were usually encountered
at one or more of the grid points because of the grid poinfs being located
very near a_.vortex segment. The vortex velocities by definition are unbounded
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nd orthographic projection.

14. Sample of wake sheet end view a

Figure
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at the vortex center; thus, unrealistic velocities may be predicted if the
grid point is too near a vortex segment. To correct this difficulty an
attempt was made to determine an optimum distance to a filament such that the
filaments contributions would be included or excluded depending on whether the
distance to the filament was greater or less than the optimum. Whiie this
procedure was successful in producing reasonable values of downwash angle, it
does not guarantee a smooth variation in downwash in elther the y or z direc-
tion since the downwash at one of two closely-spaced points may include the
contribution from a filament while the downwash computed at the other point

may not.

To insure a smooth variation, the following procedure is used. The user-
specified x-station at which the downwash information is required must be a
multiple of the stepsize; for upwash calculations any negative x-station ahead
of the wing leading edge may be used. The y and z coordinates for the 6 most
inboard vortices on the positive y-axis are used to establish a new grid
system. Using the y coordinate at one of the six vortices as constant, the
total flow angularity (vector sum of downwash and sidewash angles) and the
sidewash and downwash angles are calculated for z ranging from .25 semispans
above and below the z coordinate of that vortex. This procedure is also
carried out for the other five most inboard vortices yielding a grid system
similar to that given in Figure 15.. ’ :
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Figure 15. Example spacing for downwash calculations using NXORY=1
option (spanwise variation).
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The numerical difficulties encountered because of the contribution of the:
vortex segment 1o the field in its immediate vicinity are eliminated by (1)
excluding, for example, the contribution of vortex 11 when calculating the
flow angles above and below the z coordinate of vortex 11, and (2) calculating
downwash above only the six most inboard vortices which, for x-distances com-
parable to horizontal tail locations, have not roiled-up and therefore do not
pass above or below another vortex trace.: The exclusion of vortex- 11 when
determining the flow angles above and below it will not affect the downwash;
however, the sidewash will be in error. Since the downwash and not sidewash
is the quantity which the program is designed to predict, the error in side-
wash is tolerated. The option discussed above is produced when the input
variable NXORY is specified as 1 and STAT is read as the desired x-station in
semispans. A detailed description of these and the other necessary Input
variables is given in the User Instructions section of Appendix A.

Option number two in the WASH program computes the dowriwash angles in the
plane of symmetry, y = 0. The grid is specified by varying x from .25 to 1.75
semispans behind the +railing edge in steps of .05, and z ranging from .5
semispans above and below a midpoint z-value specified as the variable STAT.
As above, numerical difficulties were encountered in some cases using this
option because the most inboard shed or trailing vortex on a half-wing may be
too close to some of the grid points. To remedy the problem in general, the
downwash angles were calculated using only the 8 most-outboard vortices on
both sides of the y = 0 plane, and the WASH program is written in this fashlon.
However, if the user desires to include the effect of the inboard vortex, the
DO LOOP parameter may be changed from 8 to 9 on card PLA 110 of the WASH
program. Inasmuch as the computations are made in the plane of symmetry, only
half the wing need be analyzed to compute the downwash, and the sidewash is
identically zero. This downwash information is computed in the plane of
symmetry when the variable NXORY = 2 and STAT is the desired midpoint value
of z in semispans.

If NXORY = 3, then upwash information is calculated in the plane of
symmetry. The grid points at which upwash Is computed are established by x
ranging from the wing leading edge value of x at the wing root fo .5 semlspans
ahead of the leading edge in steps of .05 semispans, and z varying from .25
semispans above and below the leading edge z coordinate. The upwash Is calcu-
ated using all 18 trailing vortices without numerical difficulty. 1t should
be pointed out however that the upwash values at the leading edge are exces-
sively large because of the proximity to the bound vortex at the wing quarter-
chord.

The WASH program is made up of a mainline, four subroutines, and a
function subroutine. The mainline is the controi center for reading and
writing the specified and calcutated information as well as the coding
responsible for tracing the position of the vortex system downstream. The
mainline calls the following subroutines: (1) SPLINE to obtain a spline fit
of the bound vortex strength versus semispan distance, (2) WB which computes
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the induced velocity components at a point due to the bound vortex using the
function WBB, (3) WTRAIL to calculate the induced velocity components at a
point due to a straight-line frailing vortex segment, and (4) PLANE to
determine the downwash information in the plane specified by the user. The
mainline contains the coding responsible for tracing the shed vortices down-
stream using a maximum of 18 steps behind the trailing edge. Using this
deflected vortex system the downwash information is calculated at each of the
grid points given by subroutine PLANE for the user specified plane of intferest.

The program listing, sample data set, and sample output are presented
along with User Instructions in Appendix A. The next section of this report
presents a brief discussion of results obtained by running the program for
several test cases, some of which are compared with experimental data.
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DISCUSSION OF PROGRAM RESULTS

Results given by The WASH program were compared with two separate examples
of USA 45 wings (Ref. 7) at different angles of attack, and, in addition, a
sample calculation of the wake sheet location and downwash at the tall was
obtained for the ATLIT (Advanced Technology Light Twin) aircraft. The theo-
reticai section iift distribution taken firom Reference 7 and given in Figure
16 served as the basis of the calculations in the WASH program. Figures 17
and 2 show the experimental lines of constant downwash angle in the plane of
symmetry behind the wing and the angles predicted in Reference 7, respectively.
The resuits of the WASH program are given in Figure 18. Reference 7, notes that
the theoreticai downwash of Figure Z aiong the wake centeriine at large dis-
tances (two semispans) appears to be approaching a value of 7.8°%, whife the
experimental value is less than 6.6°. Reference 7 indicates that the theoret-
ical value given in Figure 2 is too large because the method did not include
spanwise curvature. The WASH program, which includes spanwise curvature,
gives a value closer to the experimental result in the vicinity of the hori-
zontal tail location. Near the wing trailing edge the theoretical method of
Reference 7 over-predicts the downwash angles while the WASH program under-
predicts it as compared with the experimental value. |t should be noted that
some difference between theory and experiment may be attributed to the fact
that the T distribution is theoretical rather than experimental.

The experimental T distribution given in Figure 19 for the USA 45 airfoil
was inserted in the WASH program to compare the spanwise variation in downwash
with experimental values presented in Figure 20. The WASH program results are
presented in Figure 21. A comparison of these fwo figures indicate that the
total flow angular deviations computed by WASH are smaller in general than the
experimental values; also, Figure 20 depicts positive sidewash angles both
above and below the wake centerline while WASH predicts positive below and
negative above as would be expected by vortex theory.

The wake sheet is given for each USA 45 T distribution discussed above in
Figures 22 and 23. Each wake sheet figure was obtained by executing the plot
data set from the WASH program in the PLOT program of Reference 4. While both
distributions are for the same airfoil section, an examination of Figures 16
and 19 gives an indication of how wake sheet shape is affected by the section
lift distribution.

NASA is currently supporting the development of the ATLIT aircraft fo
investigate the potential of new aerodynamic techniques for improving the
performance of light twin engine aircraft. A three-view of the ATLIT is given
in Figure 24 and a perspective view is given in Figure 25. A contributer to
this program, N. C. State University, is currently involved in both a perfor-
mance prediction and a flight evaluation program for the ATLIT, the results
of which should be published as a NASA Contractor's Report early in 1977. |In
conjunction with this program, it was decided to analyze the ATLIT wing using
the WASH program to find the downwash characteristics at the horizontal tail
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in the plane of symmetry. The section |ift coefficient distribution of the
wing with fuselage was obtained by the methods given in Reference 4. The
nacelles were neglected for this test case. The program input data set is
given in Figure A-2. Figure A-3 gives typical program output: tabulated data
for the spanwise variation of the downwash and sidewash in the plane of the
horizontal tail, the downwash in the plane of symmetry, and the upwash aheaa
of t+he wing for a wing lift coefficient of 1.22. The wake sheet plot (Figure
26) indicates that the high wing aspect ratio (ten) yields relatively low
values of downwash in the vicinity of the horizontal tail. Flgure 27 is
included to show the variation of upwash ahead of the wing in the plane of
symmetry along with the downwash variation behind the wing. The excessively
large upwash angles at the leading edge are due to the nearness of the bound
vortex at the wing quarter-chord.

The cases presented above, although limited in number, show good agree-
ment with experimental data. These test cases also indicate the type of
information yielded by the WASH program; to the extent that interference
effects from the fuselage and horizontal tail can be neglecfed, fthe program
fulfills the design objectives of defining both the wake sheet location in
the vicinity of the horizontal tail and the downwash distribution in both
the spanwise and freestream directions. The program's capability for com-
puting upwash ahead of the wing has also been demonstrated.

44



L
SR )

Q
15 ™,

is - ’iﬂ,
1

2 4 .& .8 LO
O/stance from certer line, semispar

Figure 16. Theoretical I'(y) distribution for the 3.66 m USA
45 tapered wing with C = 1.175 (Ref. 7).

<
1

s

—
.
i. .

2
N

5
|

/AR
/ ,
/,
L

7%/
NI

i
{
|

Y2248
_c;yT

N
/
/

givits

|
:

INBIGATE
[

1
@f

(SACAN

)
[}
i

L/?;//
\\K

-
!

o 2 4 6 .8 Ti0o i2T 14 16
Longitudinal distarice rfrom )4 -chord point, semispans

Vertrcol distonce from )Y4-chord point, semispon

J—
A

Figure 17. ExperimenTaI'downwash angle cénTours.in the plane of symmetry
behind a 3.66 m USA 45 tapered wing with CL = 1,175 (Ref. 7).

45



0.6—

£ 04
2
P o2 7£6§
[~
g of
-0.2—
5 6.6°
- 6.0°
8 -04 5.4°
5 4.8°
2o ool 42 ——
=2 36° —
o9
TE_ogb—L 1 1 1 1 I ] | |
§m O 02 04 06 08 10 1.2 14 16 1.8
Longl'rudlnal distance from quarter-chord point,
semispans
Figure 18. Downwash angle contours in the plane of symmetry behind a
3.66m USA 45 tapered wing at C_ = 1.175 using WASH program.
.3
e

> 2

N2 \

¢la _ \

| \
0 i 2 3 4 5 6 71 8
Distance from center line,m
Figure 19. Experimental span load distribution for the USA 45 wing

46

at C, = 1.35 (Ref. 7).



Path of integrations,

e 0S5 S e .L___X,R
£l 5 (LN
3 o \ \\ B R '
£ o5l \ 77 Q /
s { \ Voo, ‘ &3/
£ F' \ cale of vectars \ core /
§ -0 0" 10 20" 30" { 7/ /
: 'I \ . l ' i 7 \\\ E::
§-i51 \ Ak{/ NS .
220} ], \ -~ N —
o - ) _— H
 J | S fmmm PR
§ -2.5 '(.1 : _x\ \ éen/er line of\./_or/ex sheef \ ~ -~
3 \ \ ond woke
£ -3.0f°
o
>

B

Horizontal distance from wing center line, m
Figure 20. Experimental air flow 7.92m behind c/4 line of USA 45 wing at

Figure 21.

C_ = 1.35 with vectors denoting deviation from freestream (Ref. 7).

o
|

il

Vertical distance from quarter-chord,m

Scale of vectors
L L1
0° 10°20°30° }

;

Horizontal distance from wing center line, m

L} N\
\
- ‘ ‘ .
\ ~\
2 \
\ \ .
- \ Y L
-3 .\ A
| 4 1 1 | I T i PR B
¢ | 2 3 4 5

Air flow 7.92m behind c/4 line of the USA 45 wing at C| = 1.35 using
WASH program with vectors denoting deviation from freestream.

47



8y

41
L

1T
Aﬁ1"“

il

Figure.22. Wake sheet end vi

ew and orthographic projection of the USA 45 wing at CL = 1.175
(T distribution taken from Figure 16).



USA 45 wing at CL = 1.35

graphic projection of +the

Figure 19).

(I distribution taken from

Figure 23. Wake sheet end view and ortho

-
O



50

1
[

Figure 24.

Piotted 3-view of ATLIT aircraft.



4
/4

0

[y
&

2907y

1)
!\a
/]

TR

y
g\\\\\” Bl..&\ \ S\V.\.. WA’/II:./.
\\s ﬁhﬂ\\\\x\.\\\? \lllacrrﬁ!.
AN
d

N
=

N

v
N

Perspective view of the ATLIT aircraft.

Figure 25.

51



Zs




| upwash angle

025 050 075 1.00 .25 L50

-0.75 ~0.50 -0.25

Figure 27.

50
10°

15°

- x
(semispans)

| downwash angle

Upwaéh and downwash angles in the plane of symmetry of the

ATLIT wing at C, = 1.22.

L

53






PROGRAM FOR VELOCITY

PROFILE CALCULATION

55






GENERAL THEORY

Once the location of the wake sheet centerline has been established using
the WASH program, a viscous solution behind the wing may be obtained by solving
the two-dimensional boundary layer equations along wake streamlines defined by
the shed vortex paths. This same technique was applied to boundary layer
solutions over arbitrary bodies with good success in Reference 4, and the
results should be reasonable in this application as long as (1) the spanwise
flow is small compared to the freestream flow, and (2) the streamline curva-
Ture is not large. These conditions of course are violated as one moves down-
stream from the wing tip and the vortices begin to roil-up. However, for
streamiines which pass near the horizontal tail the conditions for the use of
two~dimensional boundary layer analysis are usually satisfied quite well.
Thus, this approach should be adequate for the purpose of this study which is
to determine the magnitude and direction of the flow in the vicinity of the
horizontai tail. The WASH program permits only nine shed vortices to the
half~wing; thus, probably no more than the three most inboard vortex traces
will pass inboard of the tail tip section.*

As noted in the literature review, the inclusion of curvature in the
boundary layer equations greatly Increases the complexity. In order to
determine whether or not curvature effects should be included in the analysis
results from several executions of the WASH program were examined. When
vortices for typical cases of spanwise lift distributions were fraced down-
stream, it was found that while the inboard vortex streamlines were deflected
in the vertical and spanwise directions, the curvature of these streamlines
was small due to the retatively slow rate of change of downwash and sidewash
angles (see Figures 14 and 26) along a given vortex path. Since the curvature
of the inboard vortices is small, it should not play a dominant role in a
boundary layer solution near the horizontal tail. Consequently, the curvature
terms in the boundary layer equations were neglected, greatly simplifying the
solution process.

In order to find the flow velocities along streamlines in the vicinity
of the horizontal tail including the effects of fluid viscosity, the computer
program WAKE was writften. Given an initial velocity profile at the airfoil
trailing edge*®, the nonsimilar two-dimensional boundary layer equations are
solved using a finite difference method with even stepsize in the transverse
direction and unequal stepsize in the streamwise direction. The remainder of
this section will be concerned with a discussion of the WAKE program theory.

The boundary tayer equations (Equations 11 and 12) are written in a form
more amenable to_numerical soi tion through use of both the stream function ¥
(defined by u = gg-and v = - ax)-which automatically solves Equation 11, and
a proper scaling of the x and'y variables. The scaling variables n and g

and the stream function ¥ were assumed to be of the form

* Because of typical span loadings, the third vortex out from the fuselage will
probably be positioned at around 0.4 semi-spans, a location which should be
further outboard than the tip of the horizontal tail plane on most light
aircraft.

++The computer program providing this initial velocity profile is given in
Ref. 4.
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n = —Y and £ = E- (33)

V100chx
and
Pix,y) = UQV1OOchx f(g,n) (34)
where ¢ = wing chord
T = wing thickness
Cy = wing section drag coefficient
w = freestream velocity
£ = nondimensional distance downstream of the trailing edge
n = nondimensional, scaled y coordinate normal to the x-direction
f(g,n) = function of & and n which will appear as the unknown in the

transformed boundary layer equations.

Since The continuity equation is identically satisfied by the definition of
the stream function, it is necessary only to solve the momentum equation given
by Equation 12 and rewritten, using Equation 13, as

2
au au 9T u
_— 4 A =
o v y € 8y2 . (35)

u

Introducing the definition of the stream function and replacing x and y by the
scaled variables, Equation 35 becomes

3f! 1 an £ af 1 an Vo
{Uf"HU (/—/— =+ ")} - U ¥100c tx {=— + —— — + f'—H—— "}
® w0 3E ¢ X ® o! 2% 3t ¢ 9x /100¢
’ d

€ Um

- 2 e
T00c , Tx e (36)

where the primed quantities denote derivatives with respect to the variable n.
Simplifying the above equation, one has

' 3f! f of 1 €
LI~ U UL NEIG N H SV | R - I I |
c 9% (2x 3E c)f Uw(100chx) f ’ (37)

or, multiplying by x and rearranging,
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1
2

'
" - E{f'%é“ - {.H.ﬁ.} =0 . (38)

Ty 4
f aE

£ __
100c 4tU,,

Equation 38 must therefore be solved at every & station (non-similar solution)
downstream in order to obtain the velocity as a function of n. I+ is a third
order partial differential equation in f requiring the three boundary
conditions:

Ux,yr) = U_— u(g,») = U_— f1(g,©) = 1

ulx,yr=e) = U —ulg,-=) = U — f'(g,—=) =1 (39)

vix,y=0) = 0 — £(£,0) + 2¢ %% =0 .
£=0

Equation 38 fogether with the boundary conditions given in Equations 39
is solved in The WAKE program by the finite difference technique described
below., Let f' = T; then

c f

ORI cEf - T =0, (40)
where ¢, = 100cd+Um/e.
Simplify Equation 40 fo read
T4 aT +a, =0, (41)
where
a, = C](§'+ g géﬁ and a, = - c1£f' . - (42)

Equation 41 has, through this process, been converted into a second order
"linear" equation in T with supposedly known coefficients. This equation is
solved by assuming a solution to evaluate the a's and then, using an iterative
process, T is computed numerically and the a's are corrected after each
iteration until convergence is attained. Consider the grid system shown in
Figure 28. |f the solution is known at some station m for all n, then using
central and backwards difference formulas, the solution is constructed at the
station m + 1 for atl n. The derivatives are approximated with the following
relations taken from Reference 19:
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Figure 28. Grid system for finite difference solution.

82T - Tn+1,m+1 B 2Tn,m+1 + Tn-],m+1
2 2
an n,mt (An)
37| _ Tnttymtt T Thot,m
on n,mt1 24n
Sl - Es thr h39 n,me1 " [hr: : hij * I:hhthr ihﬁ L
Sl m pthy + b7, hy T mm o Thylhy # )" n,m
where h1 = Em - gm—1’ h2 = €m+1 - Em’ and An = equal stepsize in the n direc-

tion. Equation 41 is now rewritten as

* This method is based on that presented by Cebeci and Smith in McDonnel |-
Douglas Aircraft Co. Inc. Report No. DAC-67130, October 1968, "A Finite-
Difference Solution fo the Incompressible Turbulent Boundary Layer Equations
by an Eddy-Viscosity Concept".
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C T A+ [ a YT P LA R I '
(An)z ZAY'I n+1,m+1 i(Aﬂ) 2 h (h + h ) n,m+1 (An)z ZAT) n-1,m+1
hy hy+hy | S
tolg o et T TR, 3 Taed S0 (40
1t 2 "2 _
or,
AnToet met ¥ BaTn,mer * CnTnot,mer = 0f 0 (45)
where
| %
A = + —
n (An) 24n
B = _'2_ hi * 2y
n (An) *2 h (h + h )
o
6y = — 7
(An) n
- h h, + h
= 2 1 2
On = o {h1(h1 + hZ)}Tn,m—] * {‘—_—'h1h2 Hom - (46)

The total number, n max’ of n-stations must be odd. The bottom of the wake
{(n>==) s defined by N =1 while the tfop (n>+=) is defined by n = n The
wake center is defined by n ., = (n - 1)/2 + 1. The boundary COnSITIOnS

can therefore be specified ﬂé?ﬁg +h@®¥ndex n as

@n

=1 n,mt1 =1
@n=n_._ f(g,0)+2g% =0 47)
mi (£,0)
én = nmax Tn,m+1 =1
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Equation 45, when written in matrix form, becomes:

B 1T N B 7]
1 0 0 0 T1 1
C2 82 A2 0 T2 D2
0] C3 83 A3 T3 03
Cn-2 Bn—2 An—2 0 n-2 Dn-2
0 Cn-l Bn—l An—1 Tn-] Dn-1
0 0 0 1 Tn 1
- J L d A J
The solution procedure for this set of equations can be greatly simpiified
because the matrix is tridiagonal. |f the matrix is denoted by A, then
AT=0D. : (49)
Now let
A=1LX (50)
where
ﬁﬁ 0 0
[, -
B w, 0 1 E1 0
0 83 ws 0 1 -E2
L = , X = :
Bn-1 W1 0 0 1 _En—l
0 Bn w, 0 0 1 J
L . _
and
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LX =

thus,

=C

n

0
—E2w2
(_EZBS + m3)
By
w, = 1
- E182 tow, = 82
- E283 +wg = By

- En—1Bn + W, =B

A
n

Applying the above equations, a step by step procedure is used to evaluate the

B's, w's, and E's given the An's, Bn's, and Cn's.

and if

then

or

LXT=0D,

From Equations

49 and 50 ;

(51}

(52)

(53)
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W, 0 0 0 1 Te, T [0,
62 w 0 0 e2 D2
0 w
3 0 e3 D3
0 0 By ©y e | = | DPa
8 . w_ . 0] e, D,
|1 bl n=1i =1 fi=1{
L ‘ 0 Bn wn en Dn
= e - h— o

[f e, =1 andE

0 then all the e's and E's are evaluated using the relations

below
Dn B Cnen-1 " An
en,= E;_:T??T?_—_ and En = E——;—E;E?——— (54)
n n n-1 n n n-1
The matrix Equation 52 may now be written as
! -€ 0 0 IR EA e, |
1 1 1
0 1 —E2 0 T2 e,
0 0 1 —E3 T3 = e3
0 ! Bt n1 ®n-1
0 0 i T e
n
ol = L n - L o

Starting with Tn’ the n values of T are obtained by using the recursive rela-
tion given below:

Tn =e, * EnTn+1 (55)

These Tn vatues represent the solution at the £ station m + 1.
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The general procedure given above may be summarized In the following
manner:

(1). The solution is assumed fo be known at the station £ for.all n.
(2) An approximate solution, Told is assumed at the Em+1 station in

order to evaluate the A 's, B 's, C 's, D 's, e 's, and E_'s.
n n n n n n

(This approximate soliution at station m+1 is usually taken to be
the solution found for station m.)
(3) Using the computed values of e and E , the solution T is
" . n new
calculated using Equation 55.

(4) T and T are then compared to see if they are the same at
old new

every n station to within a certain accuracy; if not the T
set equal to Tnew and steps (2) and (3) are repeated.

old '®

(5) This iteration procedure is continued until T and Tne are

old W
sufficiently close signaling a converged solution at the £ station
m+1. Usually, no more than two or three iterations are required.

(6) The procedure given in steps (1) through (5) is merely repeated

for each subsequent downstream station.

As noted in (1) above, the finite difference technique requires that a
solution be known at some & station in order to compute solutions downstream.
While an actual velocity profile in the wing wake is not known in general, a
profile shape can be found at the trailing edge of an airfoil on both the upper
and lower surfaces whenever the flow over the airfoil is calculated. One
method of finding the viscous solution over an airfoil is given in the 2-D
Airfoil program of Reference 4. The flow is computed by solving the boundary
layer flow over the airfoil with a momentum integral technique. Using the
program output, the velocity profiles on both surfaces may be determined from
their respective boundary layer thicknesses and form factors using the equations
below:

(H =1)/2 u (H ~1)/2
u. and | = (Xt
S
u , o - 2.

BES

= (X
(6 ) (56)

BCIC‘:
=

where boundary layer thickness at the trailing edge
turbulent form factor of the trailing edge

subscripts denoting upper and lower surfaces.

© LT &
[ |

u é&

Although Equations 56 do yield an initial velocity profile, there is still
a problem due fto the singular nature of .the boundary layer equations at the
airfoil trailing edge. From Equation 33, it is evident that n is unbounded at
&€ = 0. Some procedure or technique must therefore be used to provide an initial
profile downstream of the trailing edge. An investigation of the experimental
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data given in Reference 26 and 27 indicated that at small distances downstream
of the trailing edge, the velocity profile shape is still much the same as at
the trailing edge. Based on this information, the assumption was made that the
profile shape at a small distance downsfream, say .01 chord lengths, .is the
same as the profile at the trailing edge. This technique was used to establish
a profile at £ = .01 in the WAKE program, and by assuming this profile satis-
fies the wake boundary layer equations, the initial requirements for the finite
difference solution are satisfied. Although the program permits initial values
other than .01 by requiring the value fto be read into the program, this value
was found to be satisfactory for all test cases presented in a later section of
this report. Values of & less than .01 tended to make the maximum value of n
too large, requiring an excessive number of steps in the n direction (Equation
33). For values larger than .01 the profile shape can no longer be approxi-
mated adequately by the trailing edge profile shape as seen from the experi-
mental profiles.

Another problem which must be discussed arises from the fact that the
boundary layer equation (Equation 35) contains no terms to account for pressure
fluctuations in the y-direction. In the development of the boundary layer
equations the pressure was assumed constant in the direction normal to the flow,
eliminating the pressure gradient ferm. Far downstream this pressure variation
is obviously small. Near the airfoil trailing edge, however, the deviations
from freestream static pressure may be large. The fluctuations are virtually
impossible to predict unless the complete Navier Stokes equations are solved
which at the present time is an unrealistic fask. The WAKE program was written
wiTh The pressure terms excluded with the hope that it would still match exper-
imental data reasonably well. The results obtained indicated that these hopes
were attained. Correlations with several test cases are given in the next
section of this report.

The eddy viscosity model used in the WAKE program Is that given by
Equation 13 in the literature review. This model was derived by Prandt! for a
ful ly-developed wake flow. ‘In general, the velocity ferm in parentheses
represents the difference between the maximum and minimum velocity in a profile
while b represents the wake thickness or height at a velocity station halfway
between the maximum and minimum velocity values. These parameters can be
estimated given a velocity profile in a fully-developed wake, but if the
initial profile is the trailing edge profile, then another set of parameters
must be defined which will correlate with experimental measurement. I+ should
be emphasized that while some experimental data exist for velocity profiles in
the wakes of airfoils, these data must be described as very limited (Refs. 7,
26, 27, 28). Noting Figure 29, the velocity difference for the trailing edge
profile would always be u since u . s zero, while in the fully~developed
profile it is never as Iarge as u TlnAlso, the wake width at hal f-depth for
the traifing edge profile is always smaller than the same width for a fully=
developed wake.
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trailing fully
edge developed

profile wake

Figure 29. Sample velocity profiles at airfoil trailing edge and in
a fully developed wake.

A value for the constant, ¢, in the eddy viscosity model must also be
chosen which witl bring about a match between experimental and theoretical
data. In Equation 40 the eddy viscosity appears in the parameter ¢, as

c, = 100c,tU /e where e = bclu -u_, )
1 d "e max min

This may also be written in the following form

cq = IOOch/e where e = bc(umax - umin)/Uw . (57)

For wakes considered in this report, the maximum velocity in the profile will
min
—).

be the outer edge velocity, U_. Then e = bc(1 - If ¢ is defined as a

positive constant, then the value of ¢, is obviousTy positive. By making
several test runs of the WAKE program, it was found that at a given distance
downstream of the initial profile the larger the value of c,, the lower the
value of the centerline velocity and the smaller the wake width. Thus, it was
necessary to find new definitions of the terms b and (1 - umin/Uw) to be used
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with the trailing edge profile shape to evaluate €. New definitions were
sought which would, in general, produce the proper variation of € with wing
angle of attack without making the functional relationships more complex. As
seen In Figure 29, in order to achieve approximately the same wake widths
using these two profiles, the width of the trailing edge profile must be
measured at a y station with a larger velocity. Using this new wake width,

a relationship was sought between the term (1 -u_. /U) and the profile drag
coefficient. Based on a comparison of many compm+gr runs of the WAKE program
and their correlations with experimental profiles, it was found that (1) if

b is defined as the wake width at the y station where the velocity is 75
percent of the freestream value, and (2) if wu_. /Uco is represented by the
expression (1 - 4 /cd), then good agreemenTm¢?+h downstream wake profiles
is obtained. min

Having defined new relationships for b and (1 - u . /Um), The only remain-
ing parameter needed to complete the definition of € %' e constant c. While
the value of ¢ for wakes behind circular cylinders using the conventional
definitions of b and (u - u . ) is given as .047 in Reference 20, liftle
has been published in ngxopenml?ferafure regarding the value of ¢ in airfoil
wakes. For profiles generated using the WASH program with the new parameters
defining the eddy viscosity, a constant value of ¢ = .03 was found to work
very well for all the airfoils tested. Although this value produces good
correlation, the value of ¢ is read into the WAKE program to allow the user
The option of modifying the constant if-he desires. The parameters b and

(1 - 4 /cd) are also defined on cards FIN 51 and 52, respectively, in the

programm|?s+ing given in Appendix B. This permits the user to experiment
with new ideas when more experimental data become available.

It is well to note here that a constant value of € for all x locations
is realistic only for relatively weak wakes, i.e., C, > 0. € is really a
measure of the eddy size and intensity in the wake. " In high drag situations,
large eddies are shed. These have very large internal shears which cause
them to disintegrate progressively into smaller eddies with smaller shears
as one moves downstream. For such a situation a constant eddy viscosity is
obviously not realistic. It will be noted, however, that the procedure for
computing the boundary layer on the wing does not admit significant regions
of separated flow. Since the wing drag is always reiatively small when the
boundary layers are attached and since the airfoil boundary layers are com-
puted with constant eddy viscosities, it seems reasonable to continue this
practice in the wake computations. As a result, however, the determination
of the momentum defect must be |imited to those cases where these conditions
of unseparated flow and low drag are always satisfied: generally for section
1ift coefficients of 0.8 or less.

In order to carry out the numerical integration of the WASH program, the

user must specify the grid spacing in both the & and n direction. The program
is designed to use a maximum of 2001 points in the n direction or 1000 points
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on each side of the centerline. The maximum values of n for the initial upper

and lower profiles are computed using the boundary layer thickness §-in
Equation 33: '

)
upper
or
lower
(n ) = - (58)
max upper 1Oocd-rxiniﬂal
or
|lower

Dividing the larger of the two n values by 1000 yields the minimum stepsize
in n. While the program is written for the general case (unequal stepsize)
it is recommended that only even stepsize be used. |f the specified even
stepsize is too large, very small oscillations in u/U_ at the outer edge of
The wake profile may result; hence, a stepsize which increases with n would
onty compound the oscillations. For every case presented in this report a
stepsize of .00125 was found to be satisfactory. Using this stepsize and n
from Equation 58, the number of points in the n direction may be computed 18

NPTS = 2k1 nmax/.00125 + 1

where NPTS is the total number of n stations for the entire wake and Kk, is a
factor to insure that an n region is defined which is a little larger ;han
t+he actual wake thickness at the initial station; k, should therefore have a
value of 1.1 or 1.2. NPTS must be an odd integer. For the cases presented
in this report it was usually specified as 1201, 1401, 1601, 1801, or 2001,
depending on the maximum value of n. Since the vaiue of NPTS is directly
proportional to execution time it is suggested that less than 2001 points be
used if possible; however, inexperienced users will probably want to choose
one of the suggested values of NPTS given above depending on the value of
Mmax”

Along with an n stepsize, a stepsize must also be specified in the
streamwise or § direction. For & an uneven stepsize which is very small
initially and progressively larger downstream is recommended. The WAKE
program is designed to use a stepsize which increases every step by the factor
(1 + DXSTEP). |f DXSTEP = O then equal step downstream wili be taken. Unequal
steps are suggested because the initial solutions are very sensitive to step-
size while downstream they are relatively insensitive. The user must specify
both the initial stepsize DX and the stepsize increment DXSTEP. For most of
the cases presented here, an initial stepsize in £ of .00005 was used with
DXSTEP = .05; thus, at every step the stepsize increased by 5 percent from its
previous value. Using this stepsize and increment, approximately 150 steps
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are required to fraverse a distance of two chord fengths downstream (g = 2,0).
One disadvantage of the unequal stepsize is That-if the solution is desired
at £ =2.0 it is very difficult to choose DX and DXSTEP so that one of the
steps falls on this & station; the solution nearest the desired station must
therefore be used. Figure 30 presents a Iist of downstream station number
(NXPRNT in the WAKE program) and £ distance for the different stepsize
increments .05, ,075, and .10 all starting with an initial stepsize of .00005.
This data should be helpful in determining the station number at which a
solution is printed as well as the ftotal number of steps required downstream
(NXSTEP in the program) to achieve a desired & distance.

The WAKE program consists of a mainline and five subroutines. The main-
line (1) reads and prints the input data set, (2) calls subroutine PROFIL to
obtain the initial profile at £ = .01, (3) calls subroutine GETF to obtain a
value of f (Equation 41) at the first £ station downstream given the derivative
f' or T, (4) calls subroutines ABCR, COEFF, and SOLVE to obtain a new value
for the profile T at the § station, (5) compares the new profile with the last
profile calculated at the £ station to see if convergence is attained, and
(6) after convergence, prints the solution and repeats the same procedure for
the next downstream station. A listing of the WAKE program with user instruc-
tions, a sample data set, and sample output are given in Appendix B. The
sample data set should be parficularly valuable to the unfamiliar user in
giving examples of stepsizes and possible print options.
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OISTANCE FROM TRAILING EDGE IN CHCRDS OISTANCE FROM YRAILING EDGE IN CHORDS

SYAT tON STATION
NUMBER DXSTEP=.05 OXSYEpP=,07S DXSTEP=,01 NUNMBER DXSTEP=.05 DXSTEP=,075 DXSTEP=.01
1 0.010000 0.0t10000 ©0.010000 as 0.066374 0.278990 1.372710
2 0.010050 0.010050 02010050 a5 0069242 0299214 «505031
3 0.010103 0010104 0.010103 a6 0.072258 0,32095% 1 658985
- 0.0t10158 0.010162 0.010168 a7 0075417 0.3448327 1.823933
s 0.010216 0.010224 0.010232 aa 0.078738 0.369452 2.005376
& 0.010276 0.010290 0.0103038 89 0.,082225 0.396460 2.204984
7 0.010340 0.010362 0.010386 2?0 0.085886 e 825495 2.4824510
8 0.010407 0.010439 0.010474 £} 04089730 0.456707 2.666011
9 0.010477 0.010522 0.010572 92 0.093767 0490260 2,931662
to 0.010551 0.0L0611 0.,010679 93 0.09800% 0.526330 3.223879
1n 0.010629 0.010707 0.010797 9 0.102455 0.565104 3.545317
12 0.010710 0.010810 0.010927 95 0.107128 0.606787 3.898898
L3 0.010796 0.010921 0.011069 96 0l.112038 0651596 4.287838
14 0.010086 0+011040 0.011226 97 0.117186 0699766 4.T15672
15 0.010980 Ds0t11068 0.011399 98 0.122596 0.751548 3. 186289
16 0.011079 0,011306 0,011589 99 Del128278 0.807215 5,703968
L7 0.011183 0.011797 100 0.134239 0.86T7056 6.,273413
18 0.011292 0.012027 101 0.140501 0.931385 6.899806
19 0.011407 0.011784 0.012280 to2 Da147076 1.000539 7.588837
20 0.011527 0.011968 0.012538 103 0.153980 1.074879 8.346770
21 0.01165%3 0.012165 0.012864 108 04161229 1.,15479S 9.180498
22 0.011786 0.,012378 0.013200 105 0.168841 1.240705 10.097597
23 0.013925 0.Q12606 0013570 106 0.176833 1.333057 1 06407
24 0.012072 0.012051 0.013977 107 0185224 1.432337 12,216098
25 0.012225 0.,01311S 0.01442% 108 0+19403S8 1.539062 13.436757
26 0.012386 0.,013399 0.014917 109 0.203287 1.653792 14,779483
27 0.0125%6 0.013704 0.015459 1o 0.213002 1.777126 160256482
28 0.012733 0.014032 0.016055 11 0.223202 1.909711 17.881180
29 0.012920 0.014384 0.016710 112 0.233912 2,052239 19.668348
30 0.01311L6 0.,014763 0,017432 mn3 0.245157 2203457 21.634232
ER) 0.013322 0015170 0.01822% Lls 0.256965 2.3701066 23.7967006
32 0,013538 0,015608 0.019097 115 0269363 2,547228 26.175426
33 0.013765 0.016078 0,020057 116 0.282382 2,737571 28,792019
38 0.014003 0.016%84 0.021113 ur 0. 296051 2.942188 31.670271
as 0.014253 0.017128 0.022278 1118 00310403 3.162152 34.8363a8
36 0.014516 0+017TL3 0.023551 19 0e325473 3.396614 38.319033
az C.014792 0.018341 0.024956 120 0.341297 3,652810 42.149906
38 0.015081 0.019017 0.026502 12¢ 0.357912 3.926071 46,384034
39 0.0153n8S 0e019743 0.028202 122 0.375358 4,219826 50.999488
40 0.015705 0.020524 0.030072 123 04393675 4,535613 56.098407
“1 04016040 0.021363 0.032130 124 0.412909 4.875088 61.707385
42 0.016392 0.022265 0e034391 125 0.833105 S5.240015 6T .8TTITA
43 0.016762 0.023235 0.036882 126 De.454310 5.632316 74,663941
as 0.,017150 0.024278 0.039620 127 0.47657S 5.050040 82.129388
45 0.017557 0.025398 0,042632 128 00499954 6.507391 90.3412374
46 0.017985 0026603 0.045945 129 0.524502 6998748 99.374561
4“7 0.018434 0.027898 0.,049590 130 0.550277 T7.518654 ESTELEL 2] )
a8 0.018906 0.029291 0.053%99 13 0.,577341 a8.081853
49 0.019401 0.030788 0,058009 132 0.505758 Be687292 reseeRAN N
50 0.019921 0.032397 0.062859 133 0.635596 9.338138 EE2 1L
51 0.020867 0.034126 0.068195 134 0.666926 10.037799
52 0.021041 0.,035986 0.074065 135 0.6939822 10.789934 LIA AL L L)
53 0.02164) 0.037985 0.080521 136 0.734363 11.598479 sansteens
54 0.022275 04040134 0.087€24 137 0.,770631 12.467665 ssassEtan
55 0.,022939 O 042444 0.,095436 138 0.808713 13.402040 AEsARARAS
56 0.023636 0.004927 0.104030 139 0.848698 14.406493 asakee
57 0.024367 0.047597 D.113483 140 0.890683 15.486279 EEL L ES B LY
58 0.025136 0.050466 O.1234981 141 0934767 16.647050
59 0.025943 0.053551 0135319 142 0.981L056 17.894879
60 0.026790 0.0560¢€8 0.147901 143 14029659 19.236295
51 0,027679 0060433 De161741t 144 1.080691 20.678317
62 0.028613 0.0642585 0.1769865 145 1e134276 22.22889
63 04029594 0.068385 02193711 146 1. 190540 23.898920
64 0.030623 0.072814 0.212133 187 1.249617 25.6863a8
65 0.031705 0.077S575 04232396 148 1+311648 27.612128
[-1] 0.032840 0.082693 0.2586085 149 1376780 29.682333
67 0.038032 0.088195 0,279204 150 1.445169 31.907808
68 0.035283 0.,094110 0+306174 151 1.516977 34,300193
69 0.036598 0.100a68 0.,335842 152 1,59237¢ 36,872008 sasdterte
70 0.037978 0.107303 0368476 153 1671545 39.,636709 assksttne
71 0.039426 Oe1 14651 0404373 158 1.758672 42.600762 L8EERN kS
T2 0.0809a8 0.122550 Oe.443861 155 1.881956 45.803719 (XTI EEL L]
73 0.042545 O.131041 0.487297 156 1.93360e 49.238298 LA Ll i d i dd
™ 0044222 0.140169 0.335077 157 2.0290834 52.,930870
75 0.045904 0.149982 0.587634 158 2,13087¢ 56.899555
76 04047833 0+160%530 0+645448 159 2.236970 61166322
T7 0049774 0.171870 0+709082 160 2.3482368 65.753098
78 o.051213 0.188061 0.,778997 161 2.865336 T0.683878 asasENRE
79 0.053954 0197165 0.855946 162 2.588153 75.984469 sRebERANN
1] 0.056201 Oe211252 V. 940591 163 2.717111 81.5682604 LYY 1] LY
at 0.058561 0.226396 1.033700 164 2.8%52516 37.808100 reREER
A2 0.061040 0.282676 1136120 165 2.994692 94,393007 [IT T L]
a3 0+063641 0.260177 1.248782 166 3.163977 200 ARRIE LAl L Lt d ]

Figure 30. Tabulation of downstream station number and g distance for

stepsize increments of .05, .075, and .10.
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DISCUSSION OF PROGRAM RESULTS

Correlations of the WAKE program results with available experimental
velocity profiles are presented in Figures 31 through 37. The figures show
the experimental data, results obtained by the theoretical method of Reference
7, and the WAKE program results for specified stations downstream of the
trailing edge. Each airfoil was analyzed using an initial x/c value of .01.
and an eddy viscosity constant of .03. The profiles presented are not intended
to show the relative distance of the profile above or below the trailing edge,
but only the profile shape about the wake centerline as it moves downstream..
In Figures 31 through 34 the WAKE program results are shown for two Reynolds
numbers. In order to achieve a thecretical drag coefficient approximately
equal to the experimental drag measured in References 26 and 27, It was neces-
sary to run the two-dimensional airfoil program of Reference 4 at a Reynolds
number of approximately half (.21 million) the indicated test value of .42
million. Tunnel turbulence or model surface conditicons during the wind funnel
test may have produced more drag on the airfoil than would normalty be expected
at the test Reynolds number. The experimental drag was measured using a
momentum rake which indicates the momentum defect in the wake at a station
downstream of the trailing edge. Since the velocity profiles depend on drag
coefficient, the calculated profiles should agree better with experiment if a
theoretical drag coefficient is used which agrees with the experimental value.
It was therefore decided to compute and compare profiles using both the
specified test Reynolds number and a "corrected" Reynolds number, i.e., one
at which the theoretical drag matches the experimental drag.

Figures 31 and 32 show that the WAKE program results agree well with
experiment for the symmetrical Joukowski airfoil at both angles of attack (0°
and 6°). While results at both Reynolds numbers show good agreement, that

for the lower Reynolds number case is better. Althcugh no experimental data

were available at x/c = 2.0, the results are shown at this station for this
and all other airfoils to give the reader an idea of the profile shape in the
vicinity of the horizontal tail.

Figures 33 and 34 present program results for a symmetrical Piercy air-
foil at angles of attack of 0° and 6°, respectively. The experimental points
were taken from Reference 27. The WAKE program profiles give good agreement
with experiment except near the minimum velocity region of the wake centerline.
While the method of Reference 7 predicts the minimum velocity quite well, it
over-predicts the wake thickness at other velocity stations in the profiles.

Experimental measurements of a modified 15 percent symmetrical airfoil
at an angle of attack of 8° are presented in Reference 28, and these results
are compared with the WAKE program prediction in Figure 35. Both the WAKE
program and the method of Reference 7 predict the profile shape accurately as
compared with experimental data except near the outer edge where the experi-
mental data points appear questionable.
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As a final test case the USA 45 airfoil was analyzed at angles of attack
of - 5.3° and 1.6° and compared with experimental data presented in Reference
7. It should be pointed out that the profiles given in Reference 7 were not
presented to make comparisons of this type, but rather only to give approxi-
mate dynamic pressure profile shapes in the general sense. The reader should
bear this in mind when considering these two figures because the experimental
profile shapes in Reference 7 have been greatly enlarged to make these com-
parisons. For the angle of attack - 5.3° the WAKE program did a befter job
of predicting the profile shape; however, for o = 1.6° the method of Reference
7 appears to match experiment better.

In general, agreement between the WAKE program profiles and experiment
was good and, in most cases, better than the method of Reference 7. The
minimum velocity at x/c stations near the trailing edge was generally larger
than experiment while centerline velocities at stations greater than 1.0 were
general ly smaller than experimental values. The correlation of profile width
using the WAKE program with experimental profile shape was excellent. The
reasons the coefficients of the eddy viscosify were chosen to give a better
fit to the experimental data further downstream of the wing rather than at the
trailing edge were first that downstream is the region of major interest and
second that a boundary-layer-type analysis obviously cannot describe the
initial portion of a base flow wake adequately. Thus to favor a data match
in a region where the analytical mode! is known to be inadequate is to lose
the opportunity to attain a match in a region where it should be reasonably
correct.
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APPLICATION TO THE CALCULATION OF HORIZONTAL TAIL ONSET FLOW

In the preceding, the programs for determining the wake sheet location
and the velocity profile in fthe wake have been discussed independently; con-
sideration will now be glven to combining them so as to compute the onset flow
field at an aircraft's horizontal tail. The trailing vortex streamline
locations are calculated using WASH. Naturally velocity profile solutions
need be computed only along those streamlines which pass near the horizontal
tail. Given the section drag coefficient of the wing at the spanwise origin
of each streamline used in the computation and the total streamline length to
the x-station of interest, WAKE determines the velocity profile centered about
the z-location of the wake sheet. The total distance traced by a streamline
in going from the y-axis fto some downstream x-station is given in the WASH
program output in the section specifying the coordinates of the trailing
vortex sheet. An example of how these are properly combined is presented in
Figure 38 for the ATLIT wing at three stations downstream of the wing frailing
edge in the wing plane of symmetry. The profile at the horizontal tail is
therefore computed as the profile at the station x/c = 2.0 of Figure 38.
Similar profiles may be calculated at other spanwise stations in order fo
show the spanwise variation of the profiles.

In the strictest sense profiles should be calculated along the 4 or 5
most inboard vortices to describe the spanwise variation of the onset flow at
the horizontal tail. However, from a practical point of view unless the span-
wise curvature of the wake is large there is, as may be seen in the wake sheet
plots, little vertical variation in sheet location for y distance equal 1o
normal! tail semispan lengths. Also, a check of Figures 31 through 37 will
indicate that at x/c = 2.0 the velocity profiles across the wake are very
nearly the same for all airfoils tested, indicating that the effect of span-
wise variations in section drag coefficient on the velocity profiles are
small. As a result velocity profiles at different spanwise stations will
usual ly have essentially the same velocity deficit. |If the spanwise and
downstream curvature is small for vortices which pass in the vicinity of the
horizontal tail, it is therefore possible to execute only one case of each
program and obtain the approximate wake position, flow angularity, and profile
shape in the region of the horizontal tail (the most inboard vortex is used).
This approximation can be improved if desired by applying the single WAKE
program velocity profile to each of the desired spanwise vortex positions
calculated in the WASH program. |If a more rigorous analysis is desired, a
boundary layer solution may be determined along each of the 4 or 5 most
inboard streamiines noting the spanwise variation of section drag coefficient.
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With the profile shape in the tail region determined,estimation of the
forces on the tail plane due to the flow angularity and velocity variations
can be undertaken. By executing the WASH program for a range of aircraft lift
coefficients the wake position as a function of C, may be used to determine
whether or not the tail ever passes through the wing wake.* |f the tail always
remains 10 to 20 percent of a wing chord. length above or below the wake,
the velocity deficit analysis may be neglected. Even if the tail is always
out of the wake, the downwash computations are still important because the
change in downwash at the tail with angle of attack must be known in order to
predict tail +rim angles and longitudinal stability. |f the tail does pass
through the wake, then the tail must be sized so that it produces the requlired
control force even when the tail is located directly in the wake. The effect
of spanwise variation in downwash may be accounted for by assuming it to be
similar to a wing twist. While most Jight aircraft horizontal tails do not
have twist, a ftwist variation can be assumed which will produce a spanwise
angle of attack variation similar to that ‘imposed by the downwash variation.
This technique can be applied to the three-dimensional program given in
Reference 4 when computing tail characteristics.

The determination of the proper flow velocity to use in calculating the
aerodynamic characteristics of a section of the horizontal fail flying in a
wake is complicated by the fact that the wake momentum defect is confined to
a rather thin region which is on the order of the thickness of the airfoil
for airfoils at low-to-moderate angles of attack. In this thin region the
magnitude of the flow velocity may vary from 0.88 freestream to freestream.
Since two-dimensional airfoil anaiysis has not yet progressed to the point of
calculating aerodynamic coefficients in shear fiow, it is necessary to find
an average velocity squared over the thickness of the airfoil beginning at the
point on the velocity profile intersected by a line parallel to the_airfoil
chord at t/2. This is best done graphically using plots of the 1oV2 distri-
bution.

If the average q = %pV2 varies significantly along the tailplane, its
effects can be included in the three-dimensional aerodynamics calculation
program (Ref. 4) in several ways: (1) artificially reduce the wing chord in
proportion tfo qlocal/qm’ (2) reduce only the Jocal Reynolds number by the factor
Vlocal/vw or some function thereof, and (3) multiply C_ and Cy by qlocal/qm'
If these procedures resuft in significant changes in planform or aerodynamic
properties, they cannot be accommodated readily within the framework of the
3-D characteristics program. However, if the changes are small enough to be

capable of linear representation, then one of these procedures will serve
nicely. Which procedure will yield the best result cannot be stated with
certainty since time did not permit them to be investigated in detail. The

author is inclined to favor the first as representing the least compromise
with physical reality within the context of the two-dimensional airfoil
analysis. Since the wake region is quite turbulent, it seems reasonable fo
insist that when the tailplane enters it, the analysis should consider the
airfoil boundary layer fully turbulent from nose to trailing edge.

¥ Although the analysis does not include the effects of the tail upwash on the
wing downwash field, this distortion is not large. The wake position or

magnitude is therefore not altered significantly.
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CONCLUDING REMARKS

The present work provides two computer programs useful for predicting
the flow magnitude and direction in the region where one would wish to locate
an aircraft's horizontal tail (pitch trimming surface). The calculation of-
the contribution of this surface 1o the overall aircraft |ift, drag, and
moment is much enhanced if one has available more realistic values of the
onset flow.

WASH ties together for the first time in a computer program a soundly-
based inviscid method for determining the shape and location of the downwash
wake sheet with a method previously used to determine the spanwise |ift dis-
tribution for unswept moderate-to-high aspect ratio wings and wing bodies in
incompressible flow. Excellent qualitative agreement is obtained with avail-
able experimental results. Quantitatively, the predicted flow directions at
any point in the downwash field agree to within a degree or so of the measured
values. Considering the experimental error present and the effects of boundary
fayers on the aft fuselage, this is about as good as one could expect. The
results show there was little spanwise variation in wake position for normal
horjzontal tail semispans. Execution time for the program is 15-20 seconds
on an IBM 370/165; it is thus a low cost means of mapping the downwash field
during design analysis.

WAKE calculates the momentum defect downstream along the wake centerline.
It uses as input section drag data developed analytically by the aforementioned
spanwise |ift distribution program. |t provides velocities that are within
2 percent of the measured values at all stations for which data were available
on two wings with different airfoil sections. Computation time for the fiow
along one streamline is 2 min 42 sec. The results indicate that the momentum
defect due to wing drag is confined to a region no more than 0.43 m high for

typical light aircraft in the cruise configuration. The region of noticeable
defect (> 2 percent less than freestream) is only about 0.21 m high. There
is little spanwise variation in wake velocity profile for typical light air-

craft horizontal tail semispans. Thus, unless there is some compelling reason
to locate the frim surface near the wake centerline, use of WAKE is not
required.

The flight condition for which this type of information is of most
intferest is approach. |In this configuration +he wake is large and the
momentum defect significant. While the inviscid downwash calculation as used
here applies equally well, the viscous treatment suffers from the fact that
the method used to determine the wing drag cannot accommodate separated flows.
Further, flows with large separations can not be considered to possess constant
eddy viscosities as was assumed here. It is apparent, therefore, that if
horizontal onset flow is to be computed during approach the problems of the
analytical determination of the correct aerodynamic characteristics of airfoils
near stall and the characterization of turbulent flow eddy viscosity magnitude
and decay rate in terms of the size of the initial separation must first be
solved.

87






10.

1.

12.

13.

REFERENCES

Smetana, F. O.; Summey, D. C.; and Johnson, W. D.: "Riding and Handling
Qualities of Light Aircraft - A Review and Analysis". NASA CR-1975,
March 1972, 409 pages.

Smetana, F. 0.; Summey, D. C.; and Johnson, W. D.: "Flight Testing for
the Evaluation of Light Aircrafi Stability Derivatives - A Review and
Analysis". NASA CR-2016, May 1972, 110 pages.

Smetana, F. O.; Summey, D. C.; and Johnson, W. D.: "Point and Path
Performance of Light Aircraft - A Review and Analysis". NASA CR-2272,
June 1973, 131 pages.

Smetana, F. O.; Summey, D. C.; Smith, N. S.; and Carden, R. K.: "Light
Aircraft Lift, Drag, and Moment Prediction - A Review and Analysis".
NASA CR-2523, May 1975, 480 pages.

Dwinnell, James H.: Principles of Aerodynamics. McGraw-Hill Book Co.
Inc., New York, 1949, 389 pages. '

von Karman, Theodore: Aerodynamics. Cornell University Press, 1954,
203 pages.

Silverstein, A.; Katzoff, S.; and Bullivant, W. K.: "Downwash and Wake
Behind Plain and Flapped Airfoils". NACA TR-651, 1939, 28 pages.

Kuethe, A. M.; and Schetzer, J. D.: 'Foundations of Aerodynamics. John
Wiley & Sons Inc., New York, 1959, 445 pages. .

Glauert, H.: The Elements of Aerofoil and Airscrew Theory. Cambridge
University Press, New York, 1926,

Silverstein, A.; and Katzoff, S.: "Design Charts for Predicting Downwash
Angles and Wake Characteristics behind Plain and Flapped Wings".
NACA TR-648, 1939, 24 pages.

Hoggard, H. P., Jr.; and Hagerman, J. R.: "Downwash and Wake Behind
Untapered Wings of Various Aspect Ratios and Angles of Sweep".
NACA TN-1703, October 1948, 149 pages.

Tolhurst, William H., Jr.: "Downwash Characferisfics and Vortex-Sheet
Shape Behind a 63° Swept-Back Wing-Fuselage Combination at a Reynolds
Number of 6.1 x 106", NACA TN-3175, May 1954, 45 pages.

Rogers, Arthur W.: "Application of Two-Dimensional Vortex Theory to the
Prediction of Flow Fields Behind Wings -of Wing-Body Combinations a¥
Subsonic and Supersonic Speeds". NACA TN-3227, September 1954, 91
pages.

89




i4.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

90

Butter, D. J.; and Hancock, G. J.: '"A Numerical Method for Calculating
the Trailing Vortex System behind a Swept Wing at Low Speed".
Aeronautical Journal, Royal Aeronautical Society, Vol. 75, pp.
564-568, August 1971.

Labrujere, T. E.: "A Numerical Method for the Determination of the
Vortex Sheet Location behind a Wing in Incompressible Flow". National
Aerospace Laboratory (NLR), Amsterdam, The Netherlands, Report
NLR TR 72091 U, July 1972, 29 pages. -

Donaldson, C. D.; Dilanin, A. J.; and Korkegi, R. H.: "Vortex Wakes of
Conventional Aircraft". Advisory Group for Aerospace Research and
Development, Paris. Report No. AG 204, 1975, 85 pages.

Aerodynamic Analyses Requiring Advanced Computers. NASA SP=347, 1975,

1465 pages.

Streiter, J. R.; and Sachs, A.: "The Rolling-Up of the Trailing Vortex
Sheet and Its Effect on the Downwash behind the Wing". Journal of
the Aeronautical Sciences, Vol. 18, No. 1, 1951, pp. 21-32, 72.

Cebeci, T.; Smith, A. M. O.; and Wang, L. C.: "A Finite-Difference
Method for Calculating Compressible Laminar and Turbulent Boundary
Layers", Part 1, General Description. McDonneli-Douglas Corp.
Report No. DAC-67131, March 1969, 97 pages.

Schlichting, Hermann: Boundary Layer Theory. McGraw-Hi Il Book Co.,
Inc., New York, 1960, 647 pages.

Liepmann, H. W.; and Laufer, J.: "lInvestigation of Free Turbulent Mix-
ing". NACA TN-1257, August 1947, 59 pages.

Elassar, R. J.; and Pandolfini, P. P.: "An Examination of Eddy Viscosity
Models for Turbulent Free Shear Flows'". Transactions of the ASME,
Paper No. 71-FE-17, or Journal of Basic Engineering, December 1971,
pp. 624-630.

Wygnanski, |.; and Fiedler, H. E.: "JeTs and Wakes in Tallored Pressure
Gradient". The Physics of Fluids, Vol. 11, No. 12, December 1968,
pp. 2513-2523.

Oh, Y. H.: "“Calculation of Compressiblie Turbulent Free Shear Layers'.
AlAA Journal, Vol. 12, No. 3, March 1974, pp. 401-403.

Oh, Y. H.: "Analysis of Two-Dimensional Free Turbulent Mixing". Paper
Presented at the AIAA Seventh Fluid and Plasma Dynamics Conference,
Palo Alto, Catifornia, June 17-19, 1974, 12 pages.




26.

27.

28.

29.

30.

31.

32.

33.

34.

Preston, J. H.; and Sweeting, N. E.: "The Experimental Determination -
of the Boundary Layer and Wake Characteristics of a Simple Joukowski
Aerofoil, with Particular Reference to the Trailing Edge Region.
A.R.C. R&M No. 1998, March 1943, 25 pages.

Preston, J. H.; Sweeting, N. E.; and Cox, D. K.: "The Experimental
Determination of the Boundary Layer and Wake Characteristics of a
Piercy 12/40 Aerofoil, with Particular Reference to the Trailing
Edge Region". A.R.C. R&M 2013, February 1945, 12 pages.

Goradia, S. H.; and Lilley, D. E.: "Theoretical and Experimental Study
of a New Method for Prediction of Profile Drag of Airfoil Sections'.
NASA CR-2539, June 1975, 166 pages.

Stevens, W. A.; Goradia, S. H.; and Braden, J. A.: "Mathematical Model
for Two-Dimensional Multi-Component Airfoils in Viscous Flow". NASA
CR~1843, July 1971, 181 pages.

Murphy, James S.: "Some Effects of Surface Curvature on Laminar
‘Boundary-Layer Flow". Journal of the Asronautical Sciences, May
1953, pp. 338-344.

Williams, J. C., 111; Cheng, E. H.; and Kim, K. H.: "Curvature Effects
in the Laminar and Turbulent Freejet Boundary". AlAA Journal,
Voi. 9, No. 4, April 1971, pp. 733-736.

Patel, V. C.: "The Effects of Curvature on the Turbulent Boundary
Layer". A.R.C. R&M 3599, August 1968, 31 pages.

Ahlberg, J. H.; Nilson, E. N.; and Walsh, J. L.: The Theory of Splines
and Their Applications. Academic Press, New York, 1967.

Gradshteyn, !. S.; and Ryzhik, I. M,: Table of Integrals, Series, and
Products. Academic Press, New York, 1965.

91






APPENDICES

93







APPENDIX A - WASH PROGRAM

User Instructions

The program is written in FORTRAN |V and is designed to run in double
precision on an IBM 370~165 computer. This program evaluates (1) the location
of the wake centerline by tracing the path of 18 vortices shed at the wing
trailing edge, and (2) the total flow angle, sidewash angle, and downwash
angle behind an unswept wing in any plane perpendicular to the wake centerline
at a specified distancé aft of the wing trailing edge or in the plane of
symmetry of the wing. Downwash information in a single plane behind the wing
using 15 downstream steps requires an average execution ftime of 20 fo 25
seconds. The program requires the specification of the following input data:

Card Variable
Number Name Variable Description

1 TITLE The 80 character array which is used as a header to identify
output. Termination of execution is achieved by following
the last set of wing data fto be analyzed by a title card
having only the word END in the first three spaces.

2 NSTEP The number of downstream steps to be taken aft of the wing
trailing edge. The total distance the vortex system is
traced downstream is given by NSTEP*DX. The maximum value
of NSTEP is 18.

2 JPUNCH The control variable giving the user the option of obtaining
a punched plot data set which may be used to plot the vortex
system using the PLOT program in Reference 4. JPUNCH=1
gives punched output while the default JPUNCH=0 gives none.

3 ALPHA The wing angle of attack in degrees.

3 B2 The wing semispan. in feet.

3 TR The wing taper ratio (tip chord/root chord).

3 CR The wing root chord in feet.

3 DX The step size in the streamwise direction specified as ratio
of wing semispan.

4-5 Y The 10 variable array specifying the Y-coordinates of the
positive Y-axis (axis in the spanwise direction) at which
the section |ift coefficients are read. The order of spec-
ification is from positive wing tip to wing root as a ratio
of wing semispan (from Y(1) at the tip to Y(10) at the root).
All of the Y values musi be non-zero.

6-7 CLS The 10 variable array specifying the section lift coeffi-

cients corresponding to the Y-coordinates described above
using the same ordering scheme.
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Card Variable
Number Name Variable Description

8 NXORY The control variable used -to specify the type of plane in
which downwash calculations are made.
NXORY=0 gives no downwash analysis in a plane.
NXORY=1 gives downwash information in a Y-Z plane where X
is the streamwise direction. The Y-Z plane is located at a
value of X = STAT (see next variable). Downwash information
is calculated for the 6 most inboard Y-stations at several
Z locations.
NXORY=2 gives downwash information in the X-Z plane at Y=0
for X values ranging from .25 to 1.75 semispans aft.of the
trailing edge. Z ranges from .5 semispans above and below
a specified midpoint value of Z = STAT (see next variable).
NXORY=3 gives downwash (or negative upwash) information in
X~Z plane at Y=0 for negative values of X ranging from the.
wing leading edge to -.5 semispans ahead of the wing leading
edge. Z ranges from .25 semispans above to .25 semispans
beiow the leading edge value of Z.

8 STAT Variable used with NXORY to specify in semispans the proper
location of the plane of interest. |f NXORY=1 then STAT
specifies The X-station at which the Y-Z plane is to be
located. This distance in semispans may be either positive
or negative depending on whether downwash or upwash infor-
mation is desired, but it must be measured from the wing
trailing edge. [f NXORY=2 then STAT specifies in semispans
the midpoint of the Z-range for the downwash calculations in
the X-Z plane. This Z-range is specified above (positive)
or below (negative) the trailing edge in semispans. |F
NXORY=3 the variable STAT is not used.

Last Card Blank.

Cards 1 through 8 represent a complete data set for the WASH Program.
Several data sets may be executed for a single. program- compile by placing
subsequent data sets behind the first. More. than one plane may be analyzed
during a program execution by specifying new values for NXORY and STAT on
other cards placed behind card eight and before the blank card.

" 'The entire program execution is terminated when the END title card is
encountered. The format specification for the above data is given in Figure
A-1. A sample data set is given in Figure A-2, and the output of this data
set is presented in Figure A-3.
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Figure A~2. Example data set for the WASH program.
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*OIL CLml.228

7 mszel

ALFHMA =  0,100000D 02 DEGREES
L1 ®»  0.19A3800 02 FEET

™ = 0.3000000 80

cn = 0,31867000 03

ox = 0.7600800 0O

xn = -0.1922610 00

s " 0.3390080-0) SEMI SPANS
NSTE® = 18 :
MBUNCH 1

INPUT SEME-

SemNdUsUNE~

AN VALUES

Yery
0. 9ATEAED 00
0.9320980 an
0.8933830 00
04813389 60
0.718281D @0
6.4989220 00
4709680 00
043333250 00
0.201%80D 60
0.9313480-01

REOAGERED FULL=SPAN VALUES

very
-0.9A7946D 00
-0.9%2084D 08
-0.%833830 00
~0.6111200 00
-0.7142810 00
~0.59A9220 00
709630 00
-0.3185230 oC
-0.7013800 00
-5.9313470-01
0.931%4m0-01
0.701%900 00
©0.1183250 00
0.47036%D 00
n.394922D 00
n. 7142810 0O
0.8133890 00
0.m91381D 00
0.,9%208RD 00
0.9879e6n 00

astn
6.4848700
0.7103000
a.100880D
41129900
0,1208400
0.1261470
0.1300480
0. 133083%0
0.1368800
0.139108D

cLsany
0.48408700
9.8103000
0.1008600
2.1129900
0.127840D
0.1261470
0. 1190400
241339830
f. 1366600
0.1791080
041391080
A.1366600
«133085D
7.1300400
n.1261470
9.1208400
0.112990D
n.100180D
9.4103000
0. ansaron

Sample Output

DATA FOR ATLIY

TIR VALUE (Y-POSITIVE)

"0OT VALUE

iy
0.2681484D
0.2707280
042438950
0.308361D
0.3321850
0.3619890
n.3930260
6.4700170
0.464822D
0.4928330
6.4926330

0. 71063810
0.2%50930
6,27072m0
0.26814640

Gamt by
0.A33IA81D

3
0.2283882
0, 29sn88)
0.298188>
n.317876>
0.%426483
043426440
0.v17a760
r.o2n61 48>
0.2888e6D
0,220306)
n,2008943
771920
aatrry
0.1006R%>
0.83348810

LOCATINNS [ STOENGTAS OF THE 9 SHED VORTICES ON THE WFGATIVE Y-AX[S

SW NI AL

0L INE

EILEL U]

YGAMS I}
-0,9780170 OC
~0492273AD 00
-7.m83186D 00
~0. 763330 00
-n.A%e6020 00
-D.53a94en 00
-0.40124%0 00
-0.76n452n 00
~0.1471670 00

FUT OF AOUND VORTEX STRENGTHS VERSUS ¥

Gamma
a.41708740
1411620248
1.a1811899
1.6060a242

2.082e70%6
7.18364133
2.78087997
2.19821100
2.40811081
2.41380071
2.12137180
2.m2a87800
2.04063701
3.03A28117
Y.17875840
1.3051575%
3,a1427898
3.40388737
1.50657189
3.an3a8737
T.e1a27585
2.10%18738
3. 17ATARSN
1.0%820117
2.98183201
2.n7987800
2.72137160
2.6130007)
2.%0311681
2.3%a21140
2.28057907
2.18384133
2.042470%8
1.91938%a0
1.77188479
toensmazar
1.a1411809
Lal 1820244
Cea1704749

Figure A-3.

Gams (1)
-n.as2a7an
-0. 7080120
-0.290t500
-0.2750270
-0.27811%0
-0.28519A0
-0,2929820
-0. 3133190
-3,2517010

a0
oo
on
oo
00
00
oo
on

AGE |9 ASSUMED FOR POSITIVE AXIS)

TEP VALUE (Y-NEGATIVE)

ANOT vALUE

TIP VALUE (f=NEGATIVE)

TP vaLum

(r-uastriver

Sample output of WASH program.
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ENTADINATAS F1@ DOWNSTAEAM SMID VORTICFS ALONG THE POSITIVE Y-AXIS (FROM ¥ING 2007 7O w

5 DENNTES DATH AISTANCE NOWNSTREAM FROM TRAILTNG EOGE FOR EACH VORTEX AT T4f SIVEN STEP

TRATLING fNAF
x

v
4
s

sreo

”

stFa

<=

a

STFR

< x

"

sren

“x

"~

STFm

< x

srem

PRV

sTep

»

@

sten

<=

)

sreo

*

A<

aten

AN <x

sTen

<x

a

sren

F

sTEm

»
k]
Awta

FERTE]

Figure A-3.

0.0
0. 147387
0.7
non

n,2c00¢
n.1474m5
EEPLELERTY

n.2e2120

c.a00000
o.1an6te
-n.252379
7.403462

c.an0000
0.149547
ENEZTET
0.40454 1

LRLLLIYY
0.15073)
~0.2327 135
0.A05500

1.0000¢0
o.152177
-rLttIsLs
1006385

1.200000
a.1533a3
=7.1207s
ta207221

1.40%000
5.155847
—C.1aT8a
1. 808022

1.400000
C.t5A0n3
RESTLY
1.40970%

1.400000
n.160%38
-n,187008
t.ARa519

2.000000
0.16323e
-3,198913
2.010283

2.200000
De1rrlag
—0.2154a1
2.210%68

2.400000
£.169173
-n.2318AR8
?.a11850

2.60000¢
n.1727a9
-1.207659
2 e1231n

2.a000¢0
S.17%437
-r.2A1385
2.m12980

3.000000
2.193%11
~0,27A775
Ten1150a5

1.200000
caiman7
-n.291910
3.714200

1.400000
7.198786
=2.v0mrry
T.4tamon

1500072
e.191302
ELISESSETY
1.A15300

3.3
0.28A%52
3.3
o.¢

n.290000
0.260377
~1.021112
0a.2n 358

0.400000
n,769747
-c.0an898
9.402128

7.400000
0.270822
-3.356227
n.802715

0.m00000
0.270%9)
-3.370399
0.a03217

1.000000
9.271375
~0.043448
1003572

1,200000

0.271an1
-0.795924
208097

1.an0000
0.272409
-3.109848

1.408502

1.£00000
0.272056
-a.122101
Lennago2

1.900000
0.273527
=2.1%e828
1.905571

2.0000n0
c.27e112
-1.14556)
2.0C5640

2.200000
3.274713
=7.15456%
2.206000

24400000
3.77532%
N E T
7.406353

2.600000
3.775945
-3.1m2208
2.608700

2.900000
3.274547
-0,191%64
2.An7081

1.900000
a.277187
—0.20%a2h
1.007375

3.200000
0.>77800
-0.218A90
%.2077n5

1.40000¢C
9.27a108
-0.22n242
3.07%029

3.60000¢C
n.27a977
~0.23954¢
3.408347

Continued.

6.0
0.403245
0.0
2.0

0.200000
0.e04105
-0.019645
0.200069

0.400000
0.406709
-0.03a114a
0.401440

7.A00000
n.405113
-D.08a4te
a.anymeT

0.800000
n.405%03

-0.05761n
0.8021A1

. 000000
0.405905
-0.068169
1.002660

1.200000
14006126
-0.n7A202
.202M86

#00000
0.407212
~0.0a7700
1.8031 8%

1.900000
0.007714
Ir122
1.903410

2.000900

2.00362%

2.200000

25511
2.207834

2.e00000
3.409827

~n.103437
2.6na277

~n.152239
2.808832

3.009000
f.a10976
~0. 180940
3.004822

3.200000
" 71
-0.169565
1, 2044098

3.400000
2.412179
79090
caaor

1. /00000
7.4t2902
-n.186520
1.60%170

nee
0.534948
0.0

0.0

0.200000
0.516043
-n.o017308
n.200751

0.400000
0.516602
-0.0293%4
0.a01146

0.600000
0.537103
-0,080830
0.a01429

0.890000
0.5376e8
-n,050066
0.801658

1.000000
0.51n268
~D.053014
t.001959

1.200000
0.53R078

~0.08754
1.202042

1.a0C000
0.510768
-0.075763
1.4027212

1.400000
0.%5a08an
-0.n83748
1602174

1.800000
0.5e1611
-0.001530
VeApzS27

2.000000
f.sa266Y
-n.099141
?.002675

2.2n0000
0.5¢17099
-0.106%597
2.207R17

2.490000
0.54%017
04113912
2802954

2.6800000
nN.sa6LS
-0.12109Y
2.603097

2.800000
O.sa7en0
R ELITY
2.m03216

3.000000
b.5401 10
-9.11%064
1.003%e2

3. 200000
C.550681

-0.148527
1.a015m0

1.600000
0.553951
-0.155070
3. 603698

0.0
0.656802
e.0
6.0

f.200900
0.6sA3 1%
~0.018831
0.200599

0.400000
0.658742
~0.026891
n.400317

a.800000
0.650892
-0.018129
0.631148

0.800000
0. 6680184
-0,08a579
0.801322

1.n00000
n. 661 aRA
~n, 052391
1.001477

1.200000
0.682759
-0.05975%
1.201817

1.400000
0.664267
=5.066769
1.401746

1.600000
0.665976
=0.073495
1.601n68

1.200000
0. 467896
-0.079986
1.8019%0

2.000000
0.aT0C>6
-0,08%200
7.00208A

2.260770
n.87236e
-0.002216
2.282192

2.40020n
0.67anne
~0,00a0%0
2.422793

2.600000
0.677538
-0.1216e5
2.602390

2.800000
n.6M0%e9
=5.,109382
2,802885

3.00n000
0.6n3816
~n.11a20m
3.0c02577

3.2n0090
0.6a5m90
-0.1102%3
1.202655

3. 800000
r.890735
-o.124010
3.4027%1

3. 600000
0.691984
=0,12A53%
1.607R38

n.0
0.78383%
2.0
0.n

0.200900
a.78%902
-0.0139m
0.200899

9.400000
1.767101
-3.02e778

0.a00772

0.860000
J.7an58s
~0.013290
5.400961

2.200000
0.770%5%
-7.000559
n.801115

1.0n0%00
n.772453
=7.0a7383
1.001245

1.200000
0.775438
-0.n3353%
te201181

1.600000
c.79V587
-5.064525
1691589

1.800000
5.78%807
-2.nA2Y97
t.m31707

2.000000
0.73%3221

azyn70
2.00tR17

2.2n0300
c.n00187
-n.,n77a%9
2.2m0973

2.400000
0.m27559
~n.0A1568
2.a02132

2.&100700
[ALILIYS)
-9.0%407a
2.632718

?.800000
J.a374R0
-9.0m7400
2.m3252%

3.900000
0.A111AS
-2.r90781
3.13578e

3.200000
0.883560
-0.001508
3, 721724

1.4n9300
0.a%e27%
-0,002237
Y.a21318

7.690900
0.nnS1SA
=5.,001R87
16131621

NG TIO)

0.0
0.453188
6.0
0.0

0.200370
c.a569809
=0.212505
0. 200828

6.400300
0.850815
-3.3220 78
0.8003 74

0,600300
ETRISE
-3.2203597
0.400349

0.4900700

EENS TITYY
0.M00297

1.000700
3.9r5222
-3.n309537
«331181

1.200300
3.33982y
-3.9821909
1.221%86

)
-0.3a3148
o1s0%

1.660300
5.33%8351
EERCISELTY
1.801282

2.n00%00
6.313721
-0.029387
2.002788

z.700300
3.381233
-0.0179a7
2.2033%9

24800700
3.988724
-0.007130
2.80019Y

2.6008130
0.as>r20
0.011718
2,538

2.400300
8,983t 99
0.027747
2,035 79

3.000%00
LEEITITTY
0.0835M0
1238828

3.232190
0.9ea127
0.338%148
3.23877Y

3.432019
2.935378
3.372262
3.407031

3.833330
0,92
5.994153
3.50A12)

0.0
6,92273¢
2.3
0.9

©.200000
nea20Y48
-3.30%524
0.20729

©0.400900
0.9189%0
=2.3100 83
0.891418

0.600090
o.0aaaTe
“s.otviar
n.a00asA

0.an0000
3.382140
=3.377392
a.AD1ATE

1.902300
0.3719M1

0.337105
t.002100

1.207000
0.975252
3.328810
1.202272

1.an%000
0.97245m
b.0e2387
1.403753

1.600000
9.36%129
2.3747812
1.408508

1409000
0.954674
EFEIZTRIN
1.89%223

2.201000
£.981942
ERETEITY
2.00%913

2.200000
3.9276109
n.0ne892
2.746579

z.ana0a0
0.012028
c 09907
2.007224

2.400000
0.m057%]

8.09770%
>.n379%5

9.197710
2.93%877

34222399
9.985517
0.n9%233
1.373379

1.29000"
8,812
CPLIITET)
I.21387R

3.a23200
0.a1rs7a

3.600000
CRCTIIL
n.a7a7e?
3519788

0.970017
3.0
2.0

0.200090
.978%0”
J.01284%
0.700833

0.400000
c.0675RY
J.32%101
0.800051

0.8600000
9.9%57a0
24275423
n.601SAY

0.800000
n.9a1478
EITILE
a.n02t8%

1.000006
n.9?767Y
a.001778
1.002622

1.200000
0.91509%
n.0397A8
1.20%07)

1,400000
0.905390
1.0358a

1.403228

1.600000
n.ans281

n.013026
1.80%825

1.800000
6.n01291
7.02837%
1.901580

2.0n0900
0.mAse0n
n.ozazia
2.003728

2.200000
0.nm1267
3.0197an
2. 207840

2.400000
2.87830a
0.013907

2.600003
3.370473
0.anoa12
2.80307

2.200000
EPLEELTN
a.coenns
7.%04003

1.000000
1.981338
0.0nato
1.004028

3.200n000
0. A8%1 40
2.0039%¢
AFELTSLI

1.400000
[PLEETEN
2.0n%at8
3.40409)

3.69230%
2.9092082
0.0083%7
1.80eten
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LISTING OF PLOT DATA SET FOR SHED VORTEX 3YSTEM

WHITCOMB ATRFAIL CL=1.2217

0.0
2.0000

9.0
0.9z27
c.n
0.0

0.0

0. 0293
-0.0292
-0.008%

0.n

0.0
0.0720

-o.111%
0.00T1

0.0
0.9753
-0.1297
0enzes

0.0
0.9723
-n.1a78
n.0a21

-0.21%8
0.0808

0.5
0.9124
-0.2317
0.095}

0.0
0,na58
~0.2477
0.0977

0.0

0.8810
~D.2638

0.0977

0.n

0.8636
-0.27RR

0.0952

0.0
0-A510
-n.2939
0.0904

0.0
0.9376
-0.3088
0.0813

6.0
c.n2sT
-0.1234
a.07a8

Figure A-3.

6.2000
2.2000

o.taTe
0.53a
n.o
5.0

0.1a79
0.3%69
-0.0292
-0.0126

~0.0222

0-1493

0.8634
-0,0732
-0.0296

o.1807
0.06n6
-0.0927
-0.0353

L1822

0.8752
-6.1118
-0.0305

ne1539

0.8838
~0.1297
-0.0422

0.1%58
0.8938

~0.1475

-0,0831

0.15m1

0.90s7
=2.1680
-0.0e18

0.1603

0.918s
-n.1821
-0.0374

0.1672

0.9307
-n.1969
-0.0293

0.1862

0.9412
-0.21%8
-0.0179

0.169a

0.9sa7
~0.2317
-0.0038

n.1728
0.9527
-0.2477
0.0117

[HRALY
049532
=n.2834
0.0278

0.1801
0,9508
-0.2708
040836

o.1888
0.9aas
-n.2039
o.0s86

o.1m87
0.9387
-0.7088
2.0723

0.1933
0.92a8
-0.323a
0.08s2

n/2m19.n8
0.4000 0.8000
2.4000 2.8000
0,2688
0.7638
0.0
0.0
0.2698
0.76%9
-0.0233
-0.0143
0.2699 o.
0.7671 0.6387
-0.0409 -0.034t
-0.0248  -0.0267
0.2708 a.e03t
0.7688 0.639%
-0.0382  -=D.04b4
-0.0330  “0.0361
a.2709 0.4033
0.770% 0.66808
-0.0704  -0.0376
-0.0405  -D.08e8
0.2714 0.4059
6.7723 0.8813
-0.0839  -0.0682
-0.0473  -0.0324
0.2719 0.4063
0.77%8 o.0628
~0.096%  -0.0783
~0.033%5  -0.0%98
0.2728 0.4068
0. 7798 0.6683
-0,1096  -0.08n1
-0.N392  -0.0868
0.2730 0.4072
0.8660
~040977
-0.0688  -0.0733
0.273% 0.a077
5.7888 0.647%
-0.138s  -0.1071
-0.0698  -0.0800
o.avel 0.e082
0.7939 a.8700
06,1086  -D.1164
-0.0731%  -0.0M62
0.2747 0.a087
0.8002 0.6724
-0, 1235
-0.0780  -0.0022
0.2753 0.4093
0.0073 0.6749
-0.1708  -0.13a8
-0.0817  -0.0980
0.27%9 0.a098
a.87768
~0. 1434
-0.1038
D.2768 [RCILTY
0.8239 0.680%
-0.1939  -0.1322
-0.0878  -0,1091
0.2772 0.a110
0.933% a.an36
-0.208¢  -0.1509
-0.0961  -0.11a3
a.2778 o.4118
0.8838 0.8869
~0.2169  -0,1898
-0,0916  -0.1193
0,278 0.4122
0.n5e3 0.6903
-0,2283  -0.1781
-0.0922 -0.1240
0,2790 0.a12m
0.8638 0.6%9a0
-0.2395  -o0.186%
~0.3913 285

0,5360
0.3380
=0.0173
-0.0173

0.3386
0.8368
-0.0299
~040299

60,5371
0.3371
-D.040%
~0.040%

0.5376
0.3376
-0-0%01
-0.0301

0.5383
0.5383
-0,0%90
-0.0390

0,5390
0.3390
-0.0678
-0.0675

0.5308
0.5398
-0.0738
-0.0758

0.5406
0.3406
-0, 0837
-0.0837

0.5aL8
0.5818
~0.0915
-0.09t3

0.5427
0.3827

~0.0991

-0.0991

0.3a38
0.5e38
~0.1068
0ss

0.33s0
0.3340
~0,15%1
-0.t581

Continued.

DATA FOR ATLIY

«0000
3.0000

0.8566

~0¢0341

-0.0376

0.8815%
0.8059
-0.0524
-0.0682

0.6628

0.e0683
-0.0308
-0.0783

0.ss80
0.a072
-0.0738
-0.0977

0.0e79
0.4077
-0.0800
—0.1071

0.8700

0.4082
-0.0862
-0.1164

0.6728
0.4087
-0.0022
-0.125%

0.67e9
0.4093
-6,0980
-0.1343

0.87768
0.4098
-0.1038
~0.1434

0.s803

0.6838
o.e110
~0.1183
-0.1809

-6e
~0.1781

0.6980

-0s1888

1.2000
3.2000

047838
0.2686
0.0
0.0

0.765%%

0.2694
-8.0140
-p.0231

0.7671

0.2699
0,024
~040409

0.7686

-0.0%62

a.7708

0.2709
-D.0406
-0.0708

0.7729

o.2718
-0.0473
-8.0839

0.7758

0.2719
-0.0333
-0.0989

0.779¢

0.2728
-0.0592
-0.1098

0.7836

0.2730
-D.0645
-0.1221

0.7884

0.2735
~0.0898
~0.134a

0.7939

o.27a1
~6.0739
-0.1468

0.8002
0.2747
-0.0780

-0.1822

o,a239

-0.1939

0.8338

a.2772
-0.0901
-9.2088

c.ee3e
0.2778
-o.0918
-0.2189

0.a543

0.2788
~8.0922
02283

-8.0
-0.23e8

0.8380
0. 1479
~0.0128
-0, 0202

0.8396
0. 1488
-De.n222
-0.0528

8638

0.te9s
-n.o0298
-0.0732

n.s68e
0.1%07
0.0353
~0.0027

<.8732
0.1922
-a,0793
~0.1118

n.8838
0.1839
-0.0422
-1.1297

6.8938
0.1%8n
~9.0831
-0.1478

-0.1880

n.o18a

0.180%
-6.037a
-0.1821

0.9307
0.1832
-5.0293
-0.1989

D.9at2

o.l1862
-0,0179
-0.213¢

0.9887
o.1894
-o.0038
0,77

0-9%27
o.1728
[ TR
-0.2477

90,9332
0.1788
o.0278
-0.263a

a,0588

0.9227
0.0
0.0
0.0

~0.70853
-0,0202

0.938%
-0.0183
-3.082¢

0.9487

0.3
-0.0182
-0.0732

0.98621
0.n

-0.2071
-0.0927

0.0720

0.0

a.0071
-3.1118

0.955%
0.0
v.0878

-0.t830

0.9548

%.0

0.0711
-0.1821

0.9a19

0.0

o.o0818
~0.1989

0.9278

0.0

3.0898
~0.2138

-0.2477

9.8810

0.0

8.037Y
-0.2834

0.5%38

0.0

0.0232
-0.2788

0.8310

8,0

0.0908
=0.2039

o.a378

-0.1238

2,978y

3.9378

3.0252

2.9357

3.0338

3.9018

23833

2.9277

5.0817

3.0398

0. a06e

3.0383

1.8983

3.0330

9.8913

3. 0289

3,888

3.0282

2.8813

3.0103

J.8789

3.0139

J.0798

3.0081

.0882>

J.0082

3.00a2

J.0888

.08
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8% DATA FO® ATLIY

WHITCONE AIRFOIL CLO1.2217 Wks

TOTAL FLOW ANGULAR DEVIATION INFORMAYION FOR BOSITIVE Y-AKIS AT VTHE X STATIOW OF

¥ » 0,1893 Y = 0.2700 ¥ = 0.4051 Y = 0.5371
z ANGLE z ANGLE z aNGLE z ANGLE
0.1760 os1938 2.0 0.2036 3.08 6.2098 3.38
0.1288 O.le3s 3.22 Q.1995 3,38
6.0768 0.0938 3.30 o.1098 3,87
0.0288 0.0438 3.28 0.0398 b1
-6.0232 ~b.0082 0,0093 3.58
=-0.0732 -0.0382 -0.0405 3.33
-0.1232 ~0.1082 0903 3.z
=0,1732 -0.1382 -0.140% 3.39
-0.2232 -0.2062 041903 3.38
-0.2732 -0.2362 ~o.248% 3.2a
~0.3232 -0.3062 —0. 2084 -0.2903 .07

SIDEWASH [NFORMATION FOR ROSITIVE Y~AXIS AT THE X STATION OF 0.8000 SEMI-SRANS

v = 0, Y = 0,270 v = 0.a0St v = 0.3371
z z z ANGLE z ANGLE
0.176A 0,1938 0.2036 -l.03
a.1268 0.143% 041336 ~l.32
0.0788 0.0938 0.1036 ~1.92
0.076n D.0438 0.0338 -1.38
-0.0232 -0.0062 a.0038 -0,88
~5.0732 ~B.0S82 -0.0684
-0.1232 -0.1067 -0.0968
041732 -0 1362 ~0.1464
-0.2232 -D.2082 ~0. 1968
~0.2772 -0.2382 ~0.2488
-p.3232 -0.3062 ~0.2084

DOWNWASH INFORMATION FOR SOSITIVE Y-AX[S AT THE X STATION OF D0.8000 SENI-SPANS

¥ 3 0.149% ¥ = 0.2704 v = 0.4031
z ANGLE z z ANGLE
0.1768 1.53 6.1939 0.2036 2.3
0.1260 1.73 o.ta3n 0.1538 2,87
0.070m teor 0.093s o.1038 2.79
0.026n 2.22 0,043 0.0536 2.88 0.0803 3.e3
-0.0232 2.38 -0.0062 0.0036 2.93 0.0093 3.45
-0.0732 2.26 -0.0382 -0.0864 2.7 -0.0405 3.35
-a.1232 1.82 -0.1062 -0.096a 2.70 -0.0005 e
041732 1,45 -0.1562 ~0.1408 2.54 ~0.1408 3,08
~0.2232 1.21 -0,2062 ~0.1984 2.41 ~0.190% 2.98
-0.2712 1.10 ~0.2362 ~0.2888 2.28 ~0,7408 2.83
-0.3212 1.02 -0, 3062 -0.2968 2.15 ~0.2903 2.89

DOWNWASH INFORMAT[ON FOR THE POSITIVE X-AXIS AT THE PLANE OF SYNMETRY, Y=0

WMITCINA AIQFAIL CLE1,2217 A/2=19.85 OATA FOR ATLIY

ANGLE
3,48

ANGLE anGLE ANGLE
3.m2
a7
a.st
a.me
5.1
5.3
S.48
S.42
s.2%
a.9e -
a.61
a.23

?.01
1.38

Figure A-3, Continued.

AusLE

X T 0,95 X = 1.00 X = 1,08 X w 1,10 X = 1,13 x =1
ANGLE ANGLE ANGLE ANGLE ANGLE
2.99 2.95 2.07
1.20 3.18 3.07
3.38 3.28
3.81 3.81

v = 0.8
z

s.2119
o.1639
8.t139
0.0839
o.013%
-3.0381
-0.0881
-0, 1383
~3.108¢0

Y = 0.8

z
0.213%
0.1839
o.t43Y
0.0638
0.0139

-0.038)
-0,0n
=0, 1381
~De1861
-0.2184
~0.2n89

X = 0.3% X r 0.40 X m 0.45 X = 0.50 X ® .55 X =z 0.60 X = J.6%
avG.

NG,

[11]
ANGLE
-1.01

399

4.9t
3,88
‘3,89
3.08
3,28

2.19
2007
t.ne

06,2178
0,187
a.1170
0.,0870
o.3170
-0.0339
-0.0830
~0.1330
-6.1830
-0.2333
~0. 2930

Y = 0.7806
r

a.2170
a.1870
b.11T0
s.08r0
6.0170

-040330

~6.0830

-8.1330

~0.1333

042330

-0.2830 ©

-D.1830 a.ar
~5,233) «01
-6.2830 3,68

X w 0.70 K = 0.73 X = 0.80
anGLE €

AMGLE
3.18
338
3,81
3.8
s.09
a.y0

1.83




VE X-AX1S AT THE PLANE OF SYNMETAY, v,

JOWNWASH INFORMATION FOR THE NEGA

2217 er2e19.

wHITCOMA AIRFOIL CL S DATA FO® ATLEIT

xua0.758

z X=-0.238 04306 ¥v-0.338 X=-D.808 Xw-0,508 Xv-0.858 Xw-0.TO
ANGLE ANGLE ANGLE ang:
04295 -0.82
0,245 -1.38
0,195 -2.70
CATEY -5.00
6,093 -8.43
0,043 -11.2%
-0.no% ~10.00
-c.053 -6.38
~0415% -3.30
~t.18% ~t.78
0,298 -0.80

Figure A-3. Continued.
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APPENDIX B — WAKE PROGRAM

User Instructions

The program is written in FORTRAN |V and is designed to run in double
precision on an |BM 370-165 computer. Using a.finite difference technique
this program evaluates the velocity profile downstream of a wing trailing
edge given the upper and lower surface profile shapes at the wing traiiing
edge. All the input information can be obtained from the two-dimensional
airfoil program in Reference 4. Using 1601 points in the n or normal direc-
tion with an initial stepsize of .00005 in E(x/c) and an Increment in step-
size of .05, an average execution time of 2 minutes and 42 seconds was
required to integrate the boundary layer equations downstream two wing chord
lengths. The program requires the specification of the following input data:

Card Variable
Number Name Variable Description

1 TITLE The 80 character array which is used as a header fo identify
output. Termination of execution is achieved by following
the last set of profile data to be analyzed by a title card
having only the word END in the first three spaces.

2 DETA Stepsize in the n-direction. A value of .00125 was found
satisfactory for most cases, and using this value with a
constant stepsize, +the total number of n-points, NPTS, can
be estimated using the equations given in the text.

2 DX Stepsize in the X-direction. Best results were obtained
for cases analyzed in this report using a very small step-
size, .00005 (specified in chords), and unequal spacing
using the variable DXSTEP on card 3.

3 X{1) The station in chords at which the initial velocity profile
solution is assumed. A value of .01 was found satisfactory
for most wake solutions.

3 CEDDY A constant used fo evaluate the eddy viscosity model
required to solve for the velocity profile. A value of
.03 correlated best with experimental data.

3 T The thickness at the spanwise station of interest in chords.
3 Cb The drag coefficient at the spanwise station of interest.
3 CDMIN The minimum drag coefficient of the wing section at the

spanwise station of interest.
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Card Variable

Number Name
3 DXSTEP
4 NXPRNT
5 DELTAU
5 DELTAL
5 HU
5 HL

Variable Description

Stepsize increment in the X-direction. The stepsize in the
X-direction is increased by the factor DX

step nt+i -
(st+ep n)(1 + DXSTEP). A table is given in Figure 30 which
will help in determining the X-value at any station using

unequal step increments of .05, .075, and .10.

The NXPRT station numbers at which the user desires to have
the velocity profile printed. The maximum number of stations
which may be printed is 20 unless the solution is printed at
every station (NXPRT=0 and all values of NXPRNT are specified
as 0). The station number corresponds to a specific value

of X downstream; if equal stepsize in the X-direction is

used then the NXPRNT values at the desired X-station are
easily calculated. However, for unequal stepsize which is
the more useful case Figure 30 will help in determining the
step number nearest the X-station at which the velocity
profile is desired. The NXPRT values of NXPRNT are read
using a 20I4 format. |f only two stations were of interest
then only columns 1-4 and 5-8 would contain integers
representing the station numbers. The stations must be
specified In the order of increasing station number.

The boundary layer thickness in chords at the trailing edge
on the upper surface at the station of interest.

The boundary layer thickness in chords at the trailing edge
on the lower surface at the station of interest.

Form factor on the upper surface at the station of interest
= boundary layer displacement thickness divided by the
momentum thickness at the trailing edge.

Form factor on the lower surface at the station of interest
= boundary layer displacement thickness divided by the
momentum thickness at the trailing edge.

Cards 1 through 5 represent a complete data set for the WAKE Program.
Several data sets may be executed for a single program compile by placing
subsequent data sets behind the. first. The entire program execution is
terminated when the END title card is encountered. The format specification
for the above data is given in Figure B-1. A sample data set is given in
Figure B-2, and the output of this data set is presented in Figure B-3.

112



m

ell

,,M:tx,..

5. 7l9'10"!113‘4‘5lSW'BEI’71223245257728791)313233:“5:5373:904‘!243“6647685]5\57535156557!3."£E)F|QB“Eﬁmm@ﬂ"nnﬂl'ﬁTﬁﬂlnﬂu
. e TLTLE
. . 54-”T.:.;;_.;....._ 20A4
i . 0 o
/. NXSTEP NXPRT | .. AK EPS .

FAT orve i kre.s | Fiels

CEDDY,

I ....€D .. .| CbMIN DXSTEP, |

AN

F10.5

Ckse.s | kroe.s |, ke.s |

i‘let.c..

17’5'%"1"%'2'5'171%;1ziiiffélzzz|zz:|;_j|;zz|533|:$’

d o1 IR : v
4 56 7 8 9I0|||2I3|4|5 161718|9m2122]245527BB:I):H11:{33!:5:5373:8‘0414243“65474&@&5|5251ﬂ56!657$59m$|&816|6

Figure B-1.
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Format specification of input data for the WAKE program.
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N
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N
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;9}99‘IIQMH9§99NHMHMH Jnnxunnnnlnegzgpguugleuuu uﬁﬁgglﬁﬁﬂnnmuumuu&nuumunnuuununm

/ NPTS NETAPT NXSTEP NXPRT AK EPS DETA DX
|zJAs‘!??gnnuuuuuu%gnuuunxu;;gnnnxnxul»guulﬁgguunwmigeggluwwu59933999mun9??2%?9w

/' JOUKOWSKI IRFOIL/A'O/RN-.TII:::E TRANSITION/M=.05/CEDDY=.03 Firet Card
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GO66 0666666566566 666656666666656668660 5656666

COMPUTINGCENTER
IR R R R R R R R R R R R R R RN RSN EE NN R RN Sup——— 11111112
AT xarnio?

999959599959995859R090999992888008899993900889995958999899399880999989588828%
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9
R
HPT I

.

Figure B-2. Example data set for the WAKE program.
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Cess USING A FINITE DIFFERENCE NETHOD THIS PROGRAM CALCULATES THE 2-0

Cesw "VELOCITY PROFILE IN THE WAKE OF AN AIRFOIL GIVEN THE BOUNDARY

aAaacaAn0AanNANDNANDOD

2}
.
-
-

A¥ THE TRAILING EDGE.
TMPLICIT REAL®8(A-H,0-21)
COMMON As8.CeNsX(300)sF(2001.3)

(20014 3)

LAYER [NFORMATION ON THE UPPER AND LOWER SURFACES OF THE ATRFDIL

DLO(2001) «CAPE( 2001) s 5%

1ALEC2001)+sETAC2001 )« NALBC+OEBCsAKsDUX11+sDX12,DX13s88.C14ITERINXSeN,

1NPTS o« NEND

DIMENSION TETLE(20)+NXPRNT (20}

DATA END/AHEND /

IREAD=1

IPUNCH=2

IWRITE=3

READ TITLE CARD

5 READ {IREAD«10) (TITLECI),1x1,20)

10 FORMAT (20A4)

IF (TITLE(1).EQ.END) GO YO 170

TNPUT BASIC CONSTANTS

NPTSNUMBER OF ETA POINTS DESIRED

NEYAPY=NUM3ER OF STEPS BETWEEN ETA POINTS PRINTED

NXSTEPaNUMBER DF STEPS [N X DIRECTION

NXPRT=NUMBER OF STATIONS AT ¢HICH SOLUTION IS TQ BE PRINTED
(NXPRT=0 PRLNTS EVERY SOLUTION AT EVERY STATION)
(THERE IS A MAXINUM OF 20 STATIONS)
(THE FIRST STATION [S5 ALWAYS PRINTED)
(THE STYATIONS WUST BF SPECIFIED IN ORDER OF INCREASING
STATION NUMBER}

TxTHICKNESS TO CHORD RATIO OF WING

812=wWAKE WIDTH FACTOR

UMUDEL =VELOCIYY DEFICIT FACTOR

CKxCONSTANT USED [M EODY VISCOSITY MODEL

EPS=ACCURACY FOR SOLUTION CONVERGENCE

DETAZINITIAL STEPSIZE IN ETA O[RECTION

DX=STEPSIZE IN X DIRECTION (INPUT AS RATIO FO CHORD LENGTH)
READ (IREAD: 15} NPTS,NETAPT NXSTEP s NXPRTsAKEPS,DETALDX
FORMAT (4110:4F10.5)

READ (IREAD,20) X{1)sCEDDY+T+COsCOMIN.DXSTEP

FORMAT (8F10.5}

NXPRT1=NXPRT

IF (NXPRT,EQG.OINXPRT1=1

READ (IREADs25) (NXPRNT(I)I=14NXPRT1)

FORMAT (2014)

READ (IREAD«20) DELTAUSDELTALHUJHL

NEND=NPTS-1

INXPRTa]

@

[
o

2

Cees SET QUTER EDGE BOUNDARY CONDITION AT 1.0

OEBC=1,0D0
PUX2,D0/7({HU=1.D0)
PL=2,D0/7{HL~1.00)

8123,.500% (. 7500 TAU+.75D0 LeUELTAL)
UMUDEL=(CO-COMIN]ZCD
C1mTeCD*100,00/(B129CEODYe(1.D0-UNUDEL))
NXS=]l

NMIO=(NPTS-1)/2¢1

AKZPROPOATIONALITY CONSTANT FOR UNEVEN STEP SIZE IN ETA DIRECTION

WRITE (IWRITE.30) (TITLECL) «121420) sNPTSoNRIDNETAPT (NXSTEP (NXPRT,

LINXPRRT (1), Ua1oNXPRY LY

30 FORMAT (1H1,/75Xe20A8:7/5X+9HNPTS = (14¢/SKeQHNMID = ,18./5X,9
IHNETAPT = o145/5X, GHNXSTEP = o14,/5X,9HNXPRT 3 14./75X,IHNKPRNT

1 «201877)

Program Listing

FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
EIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN

OBNCAr WN -

35

a0

Cess

45

5

3

5!

«

60

65

70

75

Coes

80

8s
Ceoen

Cess
90

95
Cone

WRITE (IWRITE.35) AK EPS.DETA.DX,X(1)eCEDDYsB12s T UMUDEL sCO«DXSTEP FIN

1.C1

FORMAT {5Xs9HAK = oD15e8./5K, VHEPS x 3D15¢8e/5Xe FHOETA
1,015 8,75 X4 9HOX =T JD1S. B84/ SXsHX(1) = +D15e8:/5Xs FHCEDDY
1:015.8,/5X,9H812 = oD15.84/5XeIHT +D158, 75X+ FHUNUDEL
1e015e8,/5X+9HCD = sD15,82/5XsIHDXSTEP = D1SeBs/5Xs9HC1
1:D15877)

WRETE (IWRITE.40) DELTAUSDELTAL.HUsHL
FORMAT {SXe9HDELTAU = ¢D15+8,/5Xe9HDELTAL = 4D1548s/5Ks MHHY
14D15484/5Xs FHHL = +D15.877)
CALCULATE ETA(T)
ETA(NMID)=0.D0
ETA(NMID-1)=-DETA
ETA(NMID#1 }=0ETA
J=NMID-1
JI=NMID2
DO 45 I=JJsNPTS
J=J-1
ETA{T)=ETA(I-1 )¢AKS{ETACI-1)-ETA(I~2})
ETACS)=-ETACI)
DO 50 I=1,NPTS
F(1.2)=20.000
F{1:3)20.0D0
w(l:2)=0,000
w{1+3)=0,000
00 55 1=2,300
1F (1.EQ.2) GO TO 55
OX=DX#( 1 .DO¢DXSTER)
X{I)=X(I-1)eDX
INITIAL PROFEILE GUESS
Cu=(HU-1.00) 72,00
CL=(HL=1.00)/2.D0
DELTAU=DEL TAU/DSORT(T#X(NXS) $100.D08CD)
DELTAL=DELTAL/DSORT{T&X{NXS) #100,004CD}
CALL PROF IL(OELTAUSDELTAL,CUsCL.DETA(NMID}
D0 60 [=1.NPTS
woLDCT)=w(ls1)
IF ENXS-2) 75,75.,70
DX11%C(1,000/¢ X{NXS)I=X(NXS=1)) ) ¢{1.,0007¢ X{NXS)=X(NX5-2)))}
DX12=(X(NXS)=X(NXS=2) )/ (( X(NXS}=X(NXS=L}) *{X{NXS=1)=X(NKS-2}))
OX13=C X(NXS) =X (NXS—1) ) /(L XINXS)=XINXS=2) } &I XENRS~1)~X{NXS-2)})
CONTINUE
F{NNID.1)}=0,.D0
START SOLUTTON AT FIRST STATION
1TER=1
Nz}
CALL GETFUNNIDI
1F (NXS.EQ.1) GO TO 110
N=N+1
CALCULATE MATRIX COEFFICIENTS
CALL A8CR
CALL COEFF
1F (N-NEND} 8%5,90,90
CALCULATE NEW ¥ ARRAY PROFILES
CALL SOLYE
TEST FOR CONVERGENCE OF SCCESSIVE PROFILES
DO 95 1=2NEND
(F (DABSU{1,000-(WOLDCII/N{Ist))I-EPS) 95.95,100
CONTINUE
CONVERGENCE ATTAINED

FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
EIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
EIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
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109
110
me

112
13
118
s
116
17
118
119
120




Sl

Cese
100

105

Cens
110

115

120

130

135 FORMAT (L1HL:/ 410Xy 26HCONVERGENCE ATTAINED AFTERs[4s11H I TERATIONS)
]
140 FORMAT (/6X¢IHETAS12Xe SHUZUDEL s 13X s tHF o 14X ¢3HY/C 4 9Xs 1 IH{U/UDEL YOO 2

1
185

Coes
150

135

160

165 FORMAT (/.5X4JOMITER EXCEEDS 75 AT STEP NXS *

170

Cees

G0 To 110

CONVERGENCE NOT ATTAINED-IVERATION SOLUTION
CONT INUE

IF (ITER.GT.99) GO TO 160

ITER=TTER+1

DD 105 I=1,NPTS

WOLO( I I=w{T,1)

CONTINUE
GO YO 80
PRINT CONVERGED SOLUTION
IF (NXPRT.E£Q.0} GO TO 115

IFf (NXS3.EQ.1) GO TO 115

IF (NXS.EQ.NXPANT(INXPRT)) GO TCQ 115
GO TO 150

WALTE (LWRETE,13%) ITER

WRITE C(IWRITE,120) NXS.XI(NXS)

FORMAT (/10X,23HRESULTS FOR X/C STATIONs14:SXe¢4HX = ,D15.8}

WRITE (IWRITE,125) (TITLE(I) I=1,20)
FORMAT (/e1Xe20A4+7)

WRITE (IWRITE,140)
CYETAZDSART{T#X{NXS}*100.D0*CO}
L=NPTS+NETAPT

00 130 I=]1,NPTS¢NETAPT

L=L~NETAPT

YETA=ZETA(L)SCYETA

WSOmW(Lel)oWlLel)

WRITE (IWRITE.L45) ETACL) o M(Ls1)sF{Lel)+YETA,¥SQ

CONT INUE
TF (NXSeNE«1} INXPRTEINKPRT+L
IF (NXPRT,NE+OQ«AND. INXPRT.GT .NXPRT) GO TO S

)
FORMAT (5D16.8)

SET UP FOR NEXT X STATION
DO 1S5 I=1.NPTS
wile3)=W(le2)
Fl1,3)nF(1.2)
wile2)=wllel)
F(1,2)=F(11)
wOLD(E)=w(le1)

CONTINUE

NXSENXS¢]

IF (NXS=2.GE.NXSTEP) GO TO S’
GO To 63

WRITE (IWRITE.165) NXS

G0 To 3
CALL EXIT
END

SUBROUT IXKE GETFINNID)

THIS SUBROUTINE INTEGRATES THE DERIVATIVE OF F TO QOTAIN F

THPLICIT REAL #8{A-H,0-Z)

COMMON AsBeCoRIX(300),F(2001,3)4W(2001+3),¥W0LD{2001)+CAPE{2001).54
1ALE(2001) +ETA(2001 ) «WALBC,OEBCoANDX11e0X12,0X13588,C1,ITERINXSIN,
INPT S NEND

FIN
FIN
FIN
FIN
FIN
FinN
FIN
FIN
FIN
FIN
FIn
FIN
FIN
FIN
FIN
FIN
FIN
FIin
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
FIN
Fin

GET
GET
GET
GET
GET
GETY

1
2
3
.
5
L

-]

Cese

5

15 ALPHALI)I=C(F(Ne1 }/2400+X{NXS)*(OXL1OF (N, 1)-DX12%F(N,2) ¢+DX134F (NI} )

FINLz0.DO

FINUZ0.00

JI=SNNIDT

JENMID

JII=4-2

HNPTSNIENPTS-Y

DO 5 I=JJ,NPTSM]

FINU=F INU¢(wDLD{ 1) +WOLOC¢ I-1} IS (ETACI)-ETA(Y~11)/2.D0
F{Is1)}=FINU

DO 10 L=1.JJ4)

Juy=-1

FINCaFINL+(WOLOCII4WOLD(J+1) PSCETA(J}I-ETA(J+1))/2.D0
FlJs1)=FINL

FINPTSo1)=F{NEND 1 1 +{ W{NPYS . 1) +W(NEND 1} ) *(ETAINPTS) -ETA(NPTS-1))/

12.00

Fllo1)aF( 2010 4(uCLa1)+9(2,1)I#(ETACII-ETA(2))/2.00
RETURN

€END

SUBROUT INE ABCR

THIS SUBROUTINE COMPUTES AlB+Cy AND R MATRIX COEFFICIENTS

TMPLICIT REAL®B(A-H,0-2)

COMMON A¢BoCoReX(IJ00)<F(2001+3}sw(2001¢3).WOLD(20013-CAPE(2001)1.5M
1ALEC2001) ETAC2001 ) s WALBCOEBCsAKsDXEE9DX12¢DX134BB,Cle ITERINXSeNy

1NPTS . NEND

DIMENS 1ON ALPHAt2)
DIZ(ETAING1) ~ETAIN} )+ AKOAKS(ETAINI~ETA(N=1))
D2=(ETA(N#1 }-ETA(N) ) &2+ AK ¢ (ETA(NI-ETA(N-1)) 022
COMPUTE ALPHAS FOR MOMENTUN EQUATION

IF (NX5-2) 5e10+15

ALPHA(1I=CL$F{Ns1)}/2.,D0

ALPHA(2)=0.00

Ax(2.0D00/D2¢ALPHA(1) /DY)
—2.000%(1,0004AK)/02-(1,000-AK$AK) BALPHA( 1) /01
=2,0D04AK/D2-ALPHA( 1) ®AKSAK /D1

R=z0,D00

GO To 20

ALPHAL 1) =(FINe1)/2.DO+X(NXS) S{E(N1 }=F(Ns2) ) /7IXINXS)-X(NXS=1)))eC1

ALPHA(2)x~X(NXS)sWOLDIN)}CY
A={2.000/02¢ALPHA(}/0D1)

BE=-2,0D08{1.0D0+AK) 7/D2—1 1 QDO~AKSAK) *ALPHALL1} /D] #ALPHAL 2} /7 I XINXS)~

1X(NXS=2t))

C=2.0D0%AK/D2-ALPHA(] ) *AK®AK/D1
REALPHA(2)*W{N+2)/( XONXS)—X(NXS=1})
GO TO 20

Arect

20

ALPHA(2)=—X( AXS ) 5WOLD(N) «C1
Ax{2,0D0/02+ALPHAL1}/D1)

Bx(=2,0008{1,000¢AK}/D2~(1,0D0~-AKSAKISALBHALL} /D1 ¢ALPHA(2) $OX11}

Cx2.,000%AK/02~ALPHA{L ) *AK*AK /DL

R=ALPHA(2) #DX128WIN,2)-ALPHAT2)SDX13¢¥ (N, 3}
RETURN

END

SUBROUTINE COEFF

GEY

GET
GET
GEY
GET
GET
GET
GETY
GET
GET
GEY
GET
GET
GET
GET
GET
GET

ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
ABC
A3C
ABC
ASC
ABC
ABC
ABC
A8C
ABC
ABC
ABC
ASC
ABC
ABC
ABC
ABC
ABC

cor

VNS WR-



Ll

Cese
Conr

“w

o

S

COEFF COMPUTES RECURSION COEFFICIENTS FOR TRIDIAGIONAL
MATRIX SYSTEMS
LMPLICIT REAL®A{A-H,0-I)
COMMON AsBsCsRuX(300)2F(2001+3)9W(2001+3)4WOLD(2001)+CAPE(2001),5M
LALE(2001)}+ETAC2001 s WALBC,OEBCeAKoDX114DX124DXEIoBB,C 1+ ITERINXS, Ny
INPTS ¢ NEND
IF (N~2) SeS5s10
CAPE(NI=-A/8
SMALE{N)={R-C&OEBC)/B
GO TO0 1S5
CAPE(N)=~A/(B+CHCAPE(N~1))
SMALE(N) =(R-CaSMALE(N-1)}/{B+C*CAPE(N-1)}
RETURN
END

SUBROUTINE SCLVE

THIS SUBROQUTINE SOLVES A TRIDIAGIONAL MATRIX SYSTEM BY
BACK~-SUBSTITUTION

IMPLICIT REAL®B(A-H.,0~Z}

CONMON A¢BeCeRX(300}+F(2001+3)+W(2001+3),WOLD(2001)+CAPE(2001),5M4
TALE(2001),ETAC2001 1o WALBC,0EBCsAKoDX11,DX12:DXE3+88+C1¢ITERINXSsN,
INPTS.NEND

N=Nel

wiN, 1)=0EBC

N=N-1

W{Ns 1 )ZCAPE(N) *W{N#1,1)+SHALE(N}

IF (N=2) 104105
10 wi1,1)=0EBC

RETURN

END

Cons

own

SUBROUTINE PRCFIL(DELTAULDELTAL.CU+CLDETASNMID)

THIS SUBROUTINE EVALUATES THE INIT1AL VELOCIYY PROFILE FOR THE
FINITE DIFFERENCE SOLUTION GIVEN THE BOUNDARY LAYER THICKNESS AND
FORM FACTYOR FDR BOTH UPPER AND LOWER SURFACES

IMPLICIT REAL®A(A-H,0-Z}

COMMON A¢BiCeReX{300)eF(2001.3).W(2001,3),W0LDC2001)sCAPE(2001)45H
LALE{2001)+ETA(2001)+WALACsOEAC+AKsDX11s0X12eDX13+8BsC1ls ITERINXS, Ny
INPTS.NEND

NSTARTaNMID

DELETA=-DETA

00 10 I=NSTART,NPTS

DELETA=DELETA¢DETA

1F (DELETAJGT.DELTAU) GO TO S

Wl TeL)={DELETA/OEL TAU) heCU

GO TO 10

W(ls1}=1.D00

CONT INUE

DELEYA=0.D0

NNEND=NSTART=1

NCNTaNST ART

DO 20 1=1.NNEND

NCNT=NCNT~1

DELETAZDELETACDETA

IF (DELETAGT.DELTAL) GO TO 15

W{NCNT o1 ) x{DELEVA/DELTAL ) & &CL

COoF
COF
COF
corF
CcoF
coF
COF

COF
carF
COF
COF
COF
CoF

SOL
SOL
SOL
soL
SoL
soL
SOL
500
SoL
SoL
SoL
soL
501
sSoL
SOL

PRO
PRO
PRO
PRO
pag
RO
eRO
en0
PRO
PRO
PRO
pRQ
PRO
PRO
orQ
Ll
PRO
PRO
PRO

poQ
RO
PRO
fra
PRO

CENPAS U

BN WN R W~

GO TO 20
15 W{NCNT:11=1.D00
20 CONTINUE
RETURN
END

PRO
PRO
PRO
PRO
PRO

26
27
28







Sample Output

JOUKCWSKI AIRFOIL/A=0/RNx,21/FREE TRANSITION/R=.05/CEQDY=.0Y/

NATS = 1601 f12 I 0.60485814D-02
NMIO = AOL T = 0.118000000 00
NETAPT = 20 UMUDEL = 0.0
NASTEP = 156 co = 0.10378000D-01
NXBRT = s OXSTEP =  0.3C000000D-01
NXPRNT « 113 120 136 157 c1 T 04674862270 03
ax =  0.100000000 01
EPS a  0,10000000D-06
DETA = 0.125000000-02 DELTAU =  0.24287000D-01
ox = 0.500000000-04 DELTAL = 0.242870000-01
x¢1) = 0.10C000000-01 Hy = 0.141390000 0}
CEODY = 0.300000000-01 HL = 04141390000 01
CONVERGENCE ATTAINED AFTER 1 ITERATIONS
RESULTS FOR x/C STATION 1t X = 0.100000000-01

JOUKCESKE AIRFOIL/AZO/ANT,21/FREE TRANSITION/Ma.05/CEDDY=.03/

ETa
02102000000 01
0.975000000 00
04950000000 00
a. an

usuDEL
0.100000000
€.10000000D
0.100000000

0.900000000 00
0.875000000 00
0.852000000 00
0.825000000 00
0.802000000 00
0.775000000 0O
0,750000000 00
0.725000000 00
0.700000000 00
0.87500000D0 00
©.650000000 00
0.625000000 00
0.60000000D0 00
0.57500000D 00
0.550000000 00
©.52500000D 00
0.500000000 00
0.47500000D 00
04450000000 00
0.425000000 00
0.405000060 00
0375000000 00
n.350800000 00
0.325000000 09
0.309000000 00
0.275000000 00
0.250000000 Q0
9.225000000 00
0.20000000D 00
0.175000000 00
0.150000000 00
04125000000 0O
©0.100000000 00
0.750000000-01
0.5000000CD~-01
0.250000000-01
0.0
~0.250000000~-01
~0.500000000-01
—-0.750000000~01
~0.100000000 00
-0.125000000 00
-0.150000000 00
~0.17500000D 00
~0.200000000 00
-0 1

0.1

€.1£000009D
0.10000000D
0¢100000000
04100060000
04100000000
0.10000000D

o
0.100000000
0.10000000D
0.994 263840
€.980528%10
0.978553550
0.97032185D
049618126060
0.95100524D
0.943874358D
0.934391910
0.92452567D
0.914238610
0.903487850
0.992223270
0. M00385740
0.867904840D
0.B854695640
0.34065437D
0.825652180
0.809526210
0.792066060
0.772992690
0.75192401D
c.72831510D
0.70134670D
0.669695270
€.63098809D
0.580201890
0.502667620
c.o
0.50266762D
0.580201800
0.63098803D
0.66969527D
©.70134670D
0.T728315100
2.75192401D
0.77299269%0

-0+250000000 00
-0.275000000 00
-0,300000000 00
-0.325000000 00

0.

0.80952621D
0,825652180D
0.840654370
£.854695640

~0.350000000 00 0.867904840
~04375000000 00 0.860385740
-04400000000 00 0,892223270
=0.425000000 00 0.90348785D
-0+45000000D 00 0.914238610

75000000 00 0.924525670
~0.507000000 00 0.934391910
~0452500000D 00 0,94387438D
~0.550000000 00 0.95300524D
-0.575000000 00 0.9€161268D
-0.50000000n €O 0.970321a50
~0.625000000 00 0.978553550
-0 00 0. 30
-0.675000000 00 0.994263840
-0.70000000D 00 ©0.10000000D

-0.725000000 00
-0.750000000 00
-0.77500000D 00

00000000
00000000
04100000000

-c. 00 0.1
-0.02 00 0.1
-0. oo
~0. oo
-0, o0
-0 0o
-0. o0

=0.975000000 90
-0.100000000 01

Fiqure B-3.

0.100000000
0.100000000

Samp le output

o1
o1
o1
01
o1
o1
o1
ot
o1
o1
o1
ol
01
oo
00
oo
00
0o
[
oo
oo
00
oo
oo
L1
00
00
oo
o0
00
0o
1)
0o
oo
a0
oo
a0
oo
00
00

F

e.0 c.0

-0.2391941

-0.531175830 00 -0.227463230-

Y/C (U/UDEL. }#e2
0.86CBA180D 00 0.349943420~0C1 N.10000000D ©
0.ASSAB1A00 00 O.+341194840-01 J.10000Cc00D O
0.83088180D0 00 0.33248625D0-01 2.100000000 01
0.00%881800 00 O0.32369767D-01 7.10000000D0 01}
0.780881800 00 0.314949CAD-01 €.100000000 01
0.75568180D 00 O0.306200%00-01 n+100000009 Q1
0730881800 00 0.297451910-01 0.10000000D0 01
0.705A8t180D0 00 - 0.,28R703320-01 2.10000000D O}
0.6808A180D 00 0,27995474D-01 2.100000000 01
0.65580180D0 00 0.2712061SD-01 04100000000 01
0.6308R180D 00 0.262457570-0) N.100000000 01
0.605681080D0 00 0.2537089A0-01 J-10000000D O1
o.sgoeanco 00 0.244960400-01 2.1N0000000 01
0+55593621D 00 0.,2356211810-01 N.998560580 00
0.53117583D 00 0.227463230-01 0.9732385a0 00
0.5C86811760 90 0.,21A7]4640-01 C.95756706D 00
0.482250290 00 0«20994605D-01 N.941523710 00
0.,45809802D0 00 0.201t21747D-01 N.925083600 00

34162150 00 0.1924688R0-01 2.908218980 00
10450460 00 0.183720300-01 2.3908978840 00
0.38697136D 00 ©C.174971710-01 C.A730AA250 00
0+36373406D 00 ©0.166223130-01 N.854747710 00
0.38074859D0 00 Ca157474540-01 0«835832240 00
0.31802600D 00 C.14A72596D-01 0.81629030D 00
Qe2955784AD 00 (.13997727D-01 Ca79606236D 00
0.273419610 00 O.l3i228780D-01 C.77507905D 00
0.251564560 00 0,122480200-01 N.7532%M81D 00
02230030440 CO ©O.113731£1D-01 0.730%0465D 00
0.209R36710 00 C©C.104983C3ID-01 2,7066994750 NC
0.18800573D 00 0.962344420-02 0.68170152D 00
0.16756347D 00 0,87485R5¢D0-02 2.655332680 00
Q.147540530 00 0.78737270D-02 2.62736AB4D 0OC
€. 127973600 00 0©.699886850-02 0.597517700 90
0.108907500 00 0.56512400909D0-02 7.%651389720 00
0.903985190-01 0.52491518D0~-02 N,530442890 OC
0a72519648D-01 0a837429280-02 9.4%1A87190 00
0+955369994D-01 0434994 %42D-02 “«%48a91 750 90
0.39093127D-014 N.262457570-92 C+39814596D 0C
0+23919414D0-01 0.174971710-02 0,336¢34130 00
0.102957160-01 0.874A5R560-01 N,25267474D 00
7.0
-0.50295716D=-91 -0.874858560-03 I.252¢74740 00
D-01 —~0.17497171D-02 1,3366341170 0C
—0.3909)31270-01 -0.262457575=-02 N,398145960 920
05579994001 =-0. 34994 3420-02 0.44R49175D 00
=0.725196480-01 -0.4374292AD-02 N.A91887190 €O
=0.90398519D~01 -0.52491514D0-02 D.53044289D 00
~0+108907500 00 -0.612400990-02 0.5653897>D 00
=0.12797360D0 00 —0,69908685D-02 72.59751770D0 N0
=0. 147540530 00 ~0.78737270D-02 9.62736864D 00
=0.16756347D 00 -0.874858560-02 0.6553326AD 00
=0+ 188005730 00 ~0.962344420-02 0.681701520 00
~0.20883671D0 00 -0,104983030-01 Ne706£99760 00
~0.23003044D 00 -0.113731610=01 C.73050456%0 0O
=0.251564560 00 —0.122480200-01 Ce753258810 00
=0.273419610 00 -~0.131228780-01 n.,77507905D 00C
=0.29557648D 00 -0,13997737D-01 N.796062360 20
-0«31802600D0 00 ~0.148725960-01 0.818629030D0 00
=0.340748590 00 =0.15747454D-01 M.A3383224D 00
=0.36373406D 00 —0.166223130~01 9.A5474771D 00
=0.386971360 00 -0.17497171D-01 N.873can25D0 00
~0.41045046D 00 —0,183720300-01 0.89089A84D 00
=0.434162150 00 -0.1924688R0-01 0+90821894D0 00
=0.45809802D0 00 -0.20121747D-01 0+92508360D 00
=0.482250290 00 -0.20996605D0-01 0.941523710 00
=0.506611780 00 -0.218714640-01 0+957%67060 00
0+9T732308540 00
=0.555936210 00 =0.236211810-01 0.988550380 00
—0+.500881800 00 —0.244960400-01 0. 100000000 01
-0.60%588180D 00 -0.253708980-01 0.10000000D0 O1
~0.63088180D0 00 -0.26245757D-01 0.10000000D O}
=0.65588180N 00 -0.27)20815D-01 0.1000000CD 01
=0.680881800 00 -0+27995a740-01 0.10000000D 01
-0.7058A1800 00 -0.288703320-01 0.100000000 01
=0.73088180D 00 -0+29745191D-01 De100000000 01
=0.75508180D 00 -0.306200500~01 0.100000000 21
-0«780881800 00 ~0.314949030-01 N.100000000 01
-0.80588180D 00 -0.323697670-01 0.10000000D 01
~0.8308R1800 00 -0+332445625D-01 0+100000000 Ot
~0+.855881800 00 =0.341194840-01 N.100000000 9%
~0.N8088180D0 00 -0.349943420-01 N.100000000 ©O1
of the WAKE program.
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CONVERGENCE ATTYAINED AFTER

RESULTYS FOR x/C STATION 1113 X =

4 ITERATICNS

0245157370 00

JOUKDWSKI AIRFOIL/A=0/RN=«21/FREE TRANSITION/M=,05/CEODY=.03/

ETA U/UDEL F Y/¢€ (U/UDEL ) s &2
0.100000000 01 0.10000000D O1 0.,980004600 00 0.17326876D 00 0.100000000
©0.97500000D0 00 0.10000000D Q1L 0.955004600 00 0.16893706D 00 0.100000000
0.950000000 00 0.10000000D 01 02930004600 00 0.16460534D 00 0,100000000
0.925000000 00 ©.10000000D 01 0.90500460D 00 0.160273£2D0 00 0.100000000
0.900000000 00 0©0.,100000000 Q1 0,880004600 00 ©.155941900 00 0.10000000D
0.875000000 00 0.10000000D0 01 0855004500 00 0.15161018D 00 0.10000000D
0.850000000 00 0.10000000D CI 0.830004600 00 ©0.14727846D 00 0.10000000D
0.825000000 Q0 0,.100000000 0Ot 0,680500460D0 00 0.14294674D 00 0.10000000D
0.800000000 00 0.10000000D O1 0«780D0460D 00 0.13861502D0 00 0.10000000D
0.775000000 00 0,t0000000D O1 0.75500450D0 00 0©.134283300 00 04100000000
0.75000000D 00 0.10000000D O} 07300045600 00 0.1299531580 00 0.10000000D
0725000000 00 ©.100000000 01 0©.70500460D 00 0.12561986D0 00 0.100000000
04700000000 00 0,1 o1 o D 00 0.121288:40 00 0.100000000
0.675000000 00 0.1 D Ol o Q0 0,511695642D 00 0.,100000000
0.650000000 00 0.100000000 O1 0.630004600 00 0.11262471D 00 0.100000000
0625000000 00 ©.100000000 Q1 0.605004600 00 0.10829299D 00 0.10000000D
0.600000000 00 0.1 01 0.5 00 0©0.10396127D 00 0.10000000D
0.57500000D 00 0.1 01 ©O. 00 0.996295470-01 0.100000000
0.550000000 00 ©.100000000 Q1 0530004600 00 0©.952978270-01 0.,100000000
0525000000 00 Ot o1 0. 600 00 0.,909661080-01 0.10000000D
0.500000000 00 0.t o1 0.4 D 00 04866343880-01 0.100000000
0.475000000 00 0,100000000 01 0.455004600 00 ©.823 1 0as1
0.450000000 00 0.100000000 O1 0.43000460D 00 0.779709500-01 0.10000000D
0.425000000 00 0.100000000 01 0.405004600 00 0.736392300-01 0.100000000
0.40000000D0 00 ©.10000000D OIL 0.380004600 00 0.69307511D0-01 0.999999990D
04375000000 00 0.999999960 00 0.355004600 00 0.649757910-01 0.99999993D
04350000000 00 0.999999630 00 ©0.330004610 00 0.606440720-01 0.999999250
0.32 00 0. 70 00 0305004640 00 0.563123530-01 0999993950
0.300000000 00 0.999980160 00 (.28000487D 00 0.51980633D-01 0.999960320
0275000000 00 0.999894480 00 0.255006170 00 0s«476489140~01 0+999788980D
0.250000000 00 0+999541050 00 0,230012280 00 0.433171940-01 0.999082320
0.22500000D0 00 0.99835219D 00 0,205023590D0 00 0.389354750-01 0.996707100
0.20000000D0 00 0.99505955D 00 0.18011196D 00 0.346537550-01 0990143510
0.175000000 00 0,98746250D 00 0.15531868D 00 0,30322036D-01 0.97508219D
0.15000000D0 00 0.97266845D0 00 0.130799060 00 0.259903170-01 0.94608391D
0+125000000 00 04948072950 00 ©0.106767720 00 0.216585970-01 0.898842320
0.100000000 C0 ©0.,91299180D 00 0.834841380-01 0.17326878D-01 0.83355403D
0+750000000~01 0.870425920 00 0.61182062p-01 0.12995158D0-0t 0.757641290
0.500000000-01 0.827883860 00 0.3996 0-0 0.866343 0.605391690
0.250000000-01 0,79589517D 00 0.196995790-0 0.433171940-02 0.63344913D
0.0 0.783951300 00 0.0 0«0 G. 614579630

-0.250000000-01 04795895170 00 -0.19699579D~01 ~0.43317194D0-02 2.6334491130
-0.500000000-01 0.827883860 00 -0.399636620-01 -0.866343880-02 0.685391690
—Qe 75000000001 0,870425920 00 -0.61182062D0-01 —-0.129951580-01 0., 757641290
-0,10000000D 00 0.91299180D 00 -0.834841380-01 -0.,173268780-01 0.833554030
-04125000000 00 0.948072950 00 =-0.106767720 00 -0.21650597D-01 0.,898842320
-0.15000000D0 00 0.97266845D 00 -0.13079906D 00 —-0.2%9903170-01 0+94608391D
~0.17500000D 00 0.987462500 00 ~0.155318680 00 —-0.30322036D0-01 0.97508219D
-0.20000000D 00 0.99505955D 00 -0.18011198D 00 —0.346537550-01 0.990143510
=0,22500000D0 00 ©0.990835219D 00 -0.20503%900 00 ~-0,38985475D-01 0.9986707100
-0.25000000D0 00 0.999541050 00 -0.230012280 00 -0.433171940-01 0.999082320
—0+275000000 00 0.,99989449D 00 —0+255006170 00 —0.476489140~-01 0.999788980
=Ce 300000000 00 0.99998016D 00 -0.280004870 00 -0.519806330-01 0.999960320
=04 325000000 00 0.99999697D 00 -0.305004640 00 -0.563123530-01 0.999993950
=0.350000000 00 0.99999963D 00 -0.330004610 00 -0.606440720-01 0.999999250
-0.37 D 00 Q. 9 00 -0. D 00 ~0.64975791D-01 0.99999993D
-0.40000000D 00 0,100000000 01 —0.38000460D0 00 ~0.69307511D0-01 0.99999999D
-0.42300000D0 00 0,10000000D 01 —0.,305C0450D 00 —0.73639230D0-08% 0,10000000D
~0+45000000D 00 0,10000000D G1 —-0,43000450D 00 —-0,779709500-01 0.100000000
~0+875000000 00 0.1 61 -0. 600 00 =-0.8523026690-01 0.100000000
=0«500000000 00 0.1 D 01 -0.4 D 00 —0.866343880—-01 0.10000000D
-0.525000000 00 ©0.100000000 01 -0.505004600 00 -0.909661080-01 0,100000000
~0+55000000D0 00 04100000000 01 —-0.53000860D 00 -0,952978270-01 0+100000000
-0.57 00 0.1 01 -0. 00 -0 2 70-01 ©0.100000000
~0.60000000D 00 04100000000 01 ~0.580004560D 00 ~0.10396127D 60 0.100000000
-0.6 00 0.1 D 01 -0,60500460D 00 —0.108292990 00 9«10000000D
-0 00 0.1 01 -0.83 & 00 =0,112624710 00 0.10000000D0
=0e6 00 0.1 01 ~0. 00 =0.116956420 00 0.10000000D
=07 00 0.1 01 -0 00 —0.12128814D 00 0.100000000
=0.7 00 0.l ot ~0.7 D 00 -0.12%619860 00 0.100000000
=0e7 00 0.1 01 ~0.73000450D 00 —0.129951568D 00 0.10000000D
-0.77 00 Ot 01 —-0.75500460D 00 -0,134283300 00 0.10000000D
-0 00 0.1 01 ~0.78000460D0 00 ~0.138615020 00 0.100000000
-0 00 0.1 01 -~0.80500460D 00 —-0.142946740 00 0.100000000
-0e 00 Oel D 01 =0.830004600 00 -0.14727846D 00 0.10000000D
~0.87 00 0.1 o1 -0. 00 -0,15161018D 00 0.100000000
~0.,90000000D0 00 0.10 01 -0. 00 -0.15594190D0 00 0.10000000D
-0.92 00 0.t Ot -0.905004600 00 —-0.160273620 00 0.10000000D
-0 D 00 0.1 01 =~0.930004600 00 —0.+164605340 00 0.100000000
=097 00 0.1 oL -0, 00 -0.t6893706D 00 0©.10000000D
-0.1 o1 0.1 01 =0, 00 =0.173266730 00 ©.100000000

Figure B-3.

Continued.




CCNVERGENCE ATTAINED AFTER

4 ITERATIONS

QESULTS FOR x/C STATIIN 128 X %= 0.499954200 0O

JOUKCWSK] AIRFOIL/ARO/ANZ,21/FREE TRARSIT(ON/ M=

ETA U/UDEL F
[} 01 Oed 01 0.98659213D 00
0.97 60 0.t 01  0.961592130 00
0.9500C0000 00 04100000000 21 0.,936592130 90
0.925C0000D CO 0.10000000D 61 04911592130 00
0. D 00 0.l D 01 C.386592130 00
0.87500000D0 00 0,10€C000000 N1  0.46159213D 00
0. 00 0.1 01  ©.A36592130 00
D.825 00 C.1 01 0.31159213D0 00
0. 20 0.t 0L  0.786592130 N0
0.77500030D 00 0+10000000D 31 04761592130 00
0.750000000 00 0.10C000000 01 C.738592130 90
04725000000 00 0.10C00000D0 0t C.711592130 00
0.7030 00 0.1 70 01 ©0,68659213D 00
0.675000000 00 0.10000C00D 01 0.661592130 00
04650000000 00 0.10000000D 01 0.636592130 00
0.625090000 0C 0.100D00N0D 21  0.61159213D 90
0,640200000D 00 ©.100000000 01 ©.586592130 00
04573000000 00 04100000000 01 0.561592130 120
0.55000000D 00 0.10C00C05N 0l 0.536592130 00
0.525000000 €O 0,10000000D0 01 0.51159213D 00
0.5000000CD 00 0,10000000D0 01 0.486592130 00
0.475006000 00 0.10600000D 0! 0.461592130 0C
0.45000000D0 00 0.100000000 01 0.436%9213D 00
0.425000000 00 0.100000000 01 0.41159213D0 00
0.400000000 00 C.10000000D 01 0.386592130 00
0.375000000 60 0,100000000 Ol 0.361592130 00
0.3 00 o. 00 0.334592130 00
04325000000 00 0.99999980D 00 C.311592130 00
04300000000 00 (.99999829D 00 0.28¢592150 00
0.275000000 00 0.9999AB130 00 0.261592290 00
0.250000000 00 0.99993224D 09 0.236593100 00
0.225000000 00 0.59968126D 00 0231597220 00
0,200000000 90 0.998756660 03 0.106614400 00
04175000000 00 0.99595153D0 00 04161674750 90
04150000000 00 0.98892198D 09 0.13685184D 00
0.12500000D 00 0.97436009D0 00 0.112291640 00
0.109000000 00 0.949511110 00 0.882206730-01
£.750000000-01 0,914986670 00 0.643985710-01
0.50000000D-01 0.877081590 00 0.42501070D0-01
0.250000000-01 0.B846A77810 00 0,209802540-01
0.0 0.A3528683D0 00 0.0
~0.250000000~01 0.346877810 00 =-0.209802540-01
~0.50000000D-01 0.A77081590 00 ~0.425010700-01
-0.750000000-01 0.91498667D 00 -0.548985710~01
=0.10000000D 00 0.94951111D 00 ~0.A82206730-01
-0+125000000 00 0.97436009D0 00 -0.112291640 00
-0.150000000 00 0.98892198D 00 -0,13685184D 00
-0.175000000 00 0.99595153D 00 -0.16167475D 00
~0.200000000 00 0.99875666D 00 -0.186614460 00
-0.225000000 00 0.999681260 00 ~0.211597220 00
~0.250000000 00 0.999932240 00 -0,236593100 00
~0.275000000 00 0.999988130 00 -0.261592290 00
~0.300000000 00 0.999998290 00 -0.286592150 00
~0.325000000 00 0.99999980D 00 -0.311592130 00
~0.350000C00 00 0.999999930 00 -0.33659213D 00
~0.375000000 00 00000000 01 ~04361592130 00
=-0.400000000 00 0.100000000 01 ~0.38659213D 00
“0,424 00 0.t 01 =0.411592130 DO
~0+45000090D 00 0.10000000D 01 -0.436592130 00
~D.a7 0D 00 0.1000 01 —0.46159213D 00
-0 1] =~0+.40659213D0 00
-0.523 00 -0.511592130 00
~04530000000 00 =-0.5365%2130 00
~0+575 00 =0.861592130 70
=06 90 =0.5 t30 00
~0.62 oo -0.61159213D0 0D
~0s Qo0 . ~0.636%92130 00
-0.675000000 60 0.100000000 01 ~D.66159213D 00
-Ca7 00 0.1 01 =046 130 00
-Ge7 00 0.1 01 -0471139213D 00
-0.7 00 0.1 01 -0.736592130 00
~0.77 00 Q.1 01 ~0.761592130 00
-0 00 o 01 ~0.766592130 00
-0.82 00 O.t 01 =0.A1159213D 00
~0+83000000D0 00 0100000000 01 -0,636592130 00
-0.87 00 0.1 01 -0.881592130 00
-0e 00 0.1 ot ~0. 13D Qo
-0. 00 041 01 ~0.9113592130 00
=0 00 0.1 D 01 -0,936592130 00
-0.97 00 Oel 01 ~0.961592130 00
=Get 01 0.1 o1

Figure B-3,

-0a & 130 oo

Continued.

05/CFODY=,013/

vsc
0.24743604D 00
0.241250130 00
0.235064230 00
G.228A74330 00
0.222692430 00
0.216506530 00
0.210320630 00
0.20413473D 00
0.197949830 00
0.191762930 00
0.185577C3D 00
0.17939113D 00
0+173205220 00
0.167019132D 00
04160833420 00
0.154647520 00
0.148461620 0C
0.14227572D 00
[ o oo

(U/7UDEL) ke 2

2.10000000D
7.100000000
0.100009000
74100000000
94100000000
1.10080090D
04100000000
2.100CC0060
7.100007000
7.100000000
~4100C0000D
9.100000000
£.1000000C0
1.100000000
0.100€0000D
€.100C00000
24100000000
c.100c00000

0.129903920 00
0.123718020 00
0.117532120 00
0.111346220 00
04105180127 00
0.78974414D0-01
0e92784A513D-01
C.866020!2D-01
0.804167127-01
0.742304110-01
0.680449100-01
0.618590090-01
0.55673108n-01
94872070-01
0.433013060~01
04371154050-01
0.309295040-01
Oe28743504D-01
0.185577C3D-01
0.123718020-01
0.618590090~02
c.0
~0.61859009D-02
-0.123718¢2D0-0t
-C.185577030-01
~0.247436040-01
~0430929504D=-01
~0+.17115405D-0%
=0.43301305D0-01
=0,494872070=-01
-0.556731080-01
~0.618590C90-01
~0.68044910D-01
-0.742308110-01
~04R04167120-01
-0.866026120-01
-0.927885130-01
—0.9R974414D-01
-0.105160320 00
-0.111346220 00
-0.117532120 00
-0.123718020 00
-0.129903920 00
-0.13608982D0 00
—0.182275720 00
+148461620 00
—0.154564752D 00
-0.160833420 00
-0.1670152320 00
-0.173205220 00
-0.179391130 00
-0.18557703D 00
~0.191762930 00
-0.197948830 00
-0.20a134730 00
-0.210320830 00
-0.216506530 00

2.1

7.100000000
2.100000000
“«100000000
04100000000
T+ 100000200
n,100000000
2+10000000D
0.99992996D
M.999999600
".99999659D
"+999976250
7.99986448D
2.999362620
0.997514860
£.991919440
0,97796668D
Ce949377580
0490157170
0.837200610
0.769272120
0.717202020
0.697704090
©.71720202D0
ne 769272120
H.B37200610
5:9015713eD
2.949377530
0.977966680
0.99191 944D
0.99731488D
0.99913862620
0:999R04ABD
0.99997625D
0.999994590
€.99999950D
0.99999996D
0.10000Mr000
0.100000000
7. 100000000
0.100000000
0100000000
0+10000000D
0+ 100000000
C+10000000D
04100000000
7.100000000
n+100C0000D
0.100000000
5.10000000D0
3+100000000
04100000000
0.10000000D
0.100000000
04100000000
0.100000000
0«1060000000

. 04100000000

=0e2 3D 00
~0s228878330 00
~0.23306423D 00
-0.241250130 00
=0.24743804D 00

0.t

0.10000000D
0+10000006D
04100000000
04100000000

ot
ot
o1
o1
o1
LY]
01
o1
o1
61
ot
o1
o1
o1
ot
o1
o1
01
o1
o1
o1
ot
91
01
o1
ot
20
eo
an
00
00
no
oo
00
oo
20
oo
00
00
oo
o0
00
0o
oo
oo
00
ae
(1]
co
0o
00
oo
(1]
00
50
o1
o1
ot
o1
o1
ot
ot
o1
o
01
[}
ot
ot
o1
[1]
o1
o1
o1
01
01
o1
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CONVERGENCE ATTAINED AFTER

RESW. TS FOR X/C STATION 157 x =

3 ITERATIONS

0.202983410 Ot

JOUKGOWSKI ATRFOIL/A=0/RN=+21/FREE TRANSITION/MN=.05/CEDDY=,03/

vsc
00 0.498572250 00
00 0.48610795D 00
00 0.47364384D 00
00 0.46117933D 00
00 0.%48715030 00
00 0.435250720 00
00 0.423786420 00
00 0.411322110 00
00 0.398857600 0O
00 ©0.38539350D 00
00 0,37392919D 00
00 0.36146488D 00
00 0.349000580 00
00 0.336536270 00
00. G.324071960 00
00 0.31160766D 00
00 0.299143350 00
00 0.28667905D 00
00 0.2742147aD 00
00 0.261750430 00
00 0.24928613D 00
00 0.236821820 00

00 0.224357510 00

00 0.211893210 00
00 0.199428900 GO
00 0.186964600 00
00 0.174500290 00
00 0.162035980 00
00 C€.149571680 00
00 04137107370 00
00 ©0.124643060 00
00 0.112178760 00

ETA U/UDEL F

0.1 o1 0.1 D Ot 0.99375446D
0.97500000D 00 0.100000000 O1 0.9658754460D
0.95000000D0 00 0.10000000D OI 0.94375446D

0. 270 0.100 01 0.918754460
0.900000000 00 0100000000 O1 0.893758460
0.87 00 O ol 0+86875446D

Oa 0D 00 O.10C o1l 0.843753460
0.8 00 0.t 01 0.818754460
0.800000000 90 0.10000000D O1 0.79375486D
D77 00 00 0.1 ot 0.76B754460
Ca7? 00 0.1 01l 0.74375446D
0725000000 00 0.100000000 01 0.718754486D
0.70000000D 00 0.10000000D 01 0.69375846D
0675000000 00 0100000000 OI 0.66875448D
0.650000000 00 0.100000000 O 0.,64375446D
04625000000 00 0.100000000 01 0.61875446D
0.600000000 00 0100000000 01 0.59375448D
0.,57500000D 00 0,10000000D O1F 0.5687544560

Ow oo 01 0L 0.54375846D
0525000000 00 0.100000000 01! 0.518758406D
0.500000000 DO ©0.10000009D 01 0.493754460
0«47500000D0 00 0100000000 01 0.46875446D
0.45000000D0 00 0.10000000D 01 ©.443754460D
0425000000 00 0.10000000D 01 O0.418754460
Oes4 00 0.1 01 0.39375446D
0.37 00 Q.1 01 0.368754460

Qe D 00 O.1 D 01 0s 343754460
04325000000 00 0.99999999D 00 0.318754460

0., 300000000 00 0.999999920 00 0293754460
04275000000 00 0.99999926D 00 0.26875447D
04250000000 00 ©0.99999428D 00 0,24375453D
0.225000000 00 0.999963670 00 0,218754950
0.20000000D0 00 0.999811140 00 0.19375730D 00
04175000000 00 ©0.999195080 00 0.168768110 00
0.150000000 00 0.997185200 00 0.143806892D 00
0125000000 00 04991916260 00 0,11893588D 00
0.10000000D 00 0.98091440D 00 0.942613560-01
0.75000000D-01 04962900600 00 0.69949939D-01
0+500000000-01 0.94050808D0 00 0.46154515D-01
0.250000000~-01 0.92112122D0 00 (,229000510-01
0.0 0.91336616D 00 0.0
=0.250000000-01 04921121220 00 -0.229000510-01
-0.500000000-01 0.940508080 00 -0.461545160-01
-0,750000000-01 0.962900600 00 -0.69949989D-01
~0.10000000D0 00 0.98091440D0 00 -0.94261356D-01
-0.125000000 00 0.991916260 00 -0.118935880 00
—-0.15000000D D0 0.997185200 00 ~0.14380892D0 00
-0.17500000D0 00 0.99919508D0 00 -0.16876811D 920
- 04200000000 00 0.999811140 00 —-0.193757300 0O
-0e22500000D 00 0.99996367D 00 -0.218754950 00
-0.25000000D0 00 0.999994280 00 —-0.24375453D 00
—04275000000 00 0.99999326D 00 -0.206875447D QO
~0+300000000 00 0.99999992D 00 =0+29375446D 00
~0.325000000 00 0.99999999D 00 -0,318754a6D 00
=0.350000000 00 0.100000000 01 -0+3437544560 00
~0.37500000D 00 ©.100000000 0t -0,.36875446D 00
~0e 4 N0 0.1 D 01 —-0.39375446D 00
=0.4 00 0.1 D 0l -0.41875446D 00
-0.450000000 00 0.100000000 01 -0.44375446D CO
~0+.475000000 00 0.100000000 01 —0.46875446D 00
-0.500000000 00 0.10000000D 01 —0+.49375446D 00
-0.,52 00 0.1 01 -0.518754460 00
~0.550000000 00 ©.10000000D0 Ol -0.54375444D 00
-0+57500000D0 00 04100000000 01 —-0.568754460 00
=06 D 00 O.t 01 -0.59375446D 00
-0.6 00 0.1 D 01l -0.61875446D 00
-0. 0 00 0.l D 0l ~0.643754a60 00
~04675000000 00 0.10000000D0 Ol -0,668754460 00
=0.7 00 0O.! 01 -0.693754460 00
~0.72500000D0 00 0.100000000 01 -0.71875446D 00
=0.750000000 00 0.10000000D0 01 -0,74375446D 00
=0+775000000 Q0 0.10000000D 0! —0.76975446D 00
-0. D 00 0.1 D 0} -0,79375446D 00
-0.825000000 00 0.10000000D0 01 -0.8187544&D 00
-0 D 00 O.l D Ol -0.B4375446D 00
-0.87 00 0.1 D 0l -0.86875446D 00
-0G.900 D 00 0.t 0D 01 —-0.89375446D 00
-0.925000000 00 O0.10000000D Q! =-0.91875446D 0O
~0.95000000D 00 0.100000000 Ol -0.94375446D 00
-0.97 Q000D 00 0.1 01l =0.96875446D0 00

-0a1 D o1

Figure B-3.

-0.99375446D 00

04997144510-01
0.87250144D-01
D.74785838D-01
0.623215320-01
C.49857225D0-01
0.37392919D-01
0.24928€6130-01
0.124643060-01
0.0
—0.124643060-01
=0.24928613D-01
=-0.373929190~01
—0.498572250-01
-0.623215320-01
~0.74785833D-01
—0.872501440-01
~0.99714451D-01
~0.112178760 00
~0.124643060 00
—~0+13710737D 00
-0.14957168D 00
=0.16203598D0 00
—0.17450029D0 00
-~0.186964600 00
—-0.19942890D 00
-0.211893210 00
—-0.224357510 00
-0.236821820 00
-0.249286130 00
—0.26175043D 00
—0+27421474D0 00
~0.286679050 00
~0+299143350 00
-0.311607660 00
—0.324071960 00
=0.33653627D 00
=0+349000580 00
-0.361406488D 00
-0.,373929)9D 00
-0,386393500 00
-0.398857300 00
—0.41132211D 00
~0.423726420 00
-0.836250720 00
~0.448715030 00
-0.451179330 00
—0.47364364D 00
-0.486107950 00
-0.49857225D 00

Continued.

(U/UDEL) *¢2

0.10000000D
0.100000000
0.1000600000
0.100000000
0.100000000
0.10000000D
0.100000000D
0.100000000
0.100000000
0.100000000
0.100000000
0.10000000D
0.100000000
0. 100000000
0.10000000D
0.100000000
0. 100000000
0.10000000D
0.100000000
©0.100000000
0.100000000
0.100000000
2.10000000D
04100000000
€.100000000
7.10000000D
C.10000000D
0.99999999D
0.999999840
0.999998520
0+ 999988550
0.999927350
0.999622320
€.99829082D
0+994378320
0.983897870
0+962193060
0927177570
0+88455545D
0.84846430D
0.834237740
0.84846430D
0.884555450D
0.92717757D
0.962193060
0.983897870
2.994378320
0.998390820
2.,999622320
C+999927350
0.999988550
0999998520
04999999840
€ .999999990
0+100000000
N.100000000
0100000000
0.100000000
0.100000000
0.100000000
0,100000000
0.100000000
0.100000000D
0.100000000
74100000000
0.100000000
0,100000000
0.100000000
0.100000000
04100000000
0s10000000D
0,100000000
0100000000
0.10000000D
0.10000000D
0.,100000000
0.10000000D
0.+100000000
0.100000000
0.10000000D
0.100000000

o1
o1
ot
o1
o1
ot
o1
01
o1
o1
o1
o1
o1
o1l
o1
oL
o1
01
ot
01
01
ot
o1
o1
o1l
01
o1
00
00
00
oo
oo
L1
00
o0
o0
o0
00
co
oo
00
00
o0
oo
1
a0
Q0
oo
00
00
00
00
o0
oo
o1
cl1
o1
ol
a1
o1
o1
ot
o1
o1
o1
o1
o1
o1
o1
o1
o1
o1
o1
o1
o1l
01
01
o1
o1
o1
ot

NASA-Langley, 1977




